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Introduction
Presently a number of protocols exist which allow good quality nanoparticles, with re-
spect to their optics and size distributions, to be synthesized reproducibly. However it
still remains technically very challenging to integrate them further as building blocks,
for example as three dimensional extended networked solids where the properties of
the porous network can be advantageously combined with the size dependent proper-
ties of the individual nanoparticles. The successful matching of such complementary
combinations of properties opens up a broad range of application possibilities in ar-
eas as diverse as electrical devices, [1] thermoelectrics, [1] catalysis, [2–4] optical appli-
cations, [3,5–7] sensors [8] and heat insulation. [9] Several different means by which the
assembly of nanoparticles in general may potentially be achieved have been reported
in the literature. Traditionally a distinction between template assisted methods, for ex-
ample deposition in films [10–13] or in superlattices [14,15] as well as a variety of other
substrates [16–19] and that of template free methods, such as the formation of highly or-
dered mesocrystals [16,20–24] have been made.
The search for so-called “renewable energies” is one of the main research fields in
present material research. Fossil fuel energy resources are finite and the energy require-
ment is quickly rising and therefore alternative power generation sources are required.
After the nuclear disaster in Fukushima in 2011 a global change in thinking began. But
it is not only necessary to generate large amounts of power but in addition their effective
use is necessary. In a variety of processes, for example in industry or in cars, a huge
part of the required energy is lost as unused and therefore wasted heat. With the help of
thermoelectric (TE) materials this waste heat can be recycled and the energy used more
effectively, for example by extracting electrical energy from the hot exhaust stream of
cars or by solar energy conversion where a temperature difference is created across a
TE material by utilising solar thermal energy. This second possibility can increase the
efficiency of solar cells by combining both methods. Common materials used in ther-
moelectrics are PbTe and Bi2Te3. Although the TE effects was observed in 1821-1838
by Thomas Seebeck, Jean Peltier and Emil Lenz, up to now TE materials are rarely
used due to the low efficiency of TE devices. In the 1990s it was proposed by Hicks
and Dresselhaus [25,26] that TE efficiencies could be improved through the use of low-
dimensional systems.
A very promising system for investigations of the TE properties of low dimensional
systems is that of the lead chalcogenides. It is possible to induce a strong quantum
confinement effect in lead chalcogenide quantum dots (QDs) due to the large excitonic
Bohr radii (PbS 20 nm [27]; PbSe 46 nm [27] and PbTe 152 nm [28]) and as such these
1
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materials have attracted considerable interest due to the ability to tune their optoelec-
tronic properties allowing access to the near and mid infrared spectral region. [27] They
are therefore of special interest for applications such as telecommunications [27], optical
imaging in living tissues [29,30] and in the field of infrared optoelectronics. [31–33] Further-
more the possibility to harness the potential efficiency increases provided by multiple
exciton generation (MEG) raises great expectations for their application in photovoltaic
devices. [34–36]
The aim of this work has been the creation of of 2D or 3D and therefore “multi”-
dimensional structures from PbX (X=S or Se) nanostructures with the focus being their
subsequent use as TE materials. Lead telluride has not been in the focus of this research
due to its low stability under ambient conditions. Furthermore tellurium is compara-
tively rare and therefore relatively expensive. Most common bulk materials used for
thermoelectrics contain tellurium and so it would be useful to find effective tellurium-
free alternatives. The PbX nanoparticles act as building blocks and should be assembled
randomly i.e. without any ordering or arrangement. The resulting nanostructured ma-
terials will be characterized with regard to their potential application as TE materials.
With regard to their possible application as a TE material, individual nanostructures are
quite difficult to characterize. Furthermore effects due to grain boundaries are neglected
and the results can therefore not be transferred to bulk nanostructured. Therefore it is
necessary to produce “multi”-dimensional assemblies of the nanostructures for further
characterization as well as for further application.
The first experiment-based chapter deals with porous structures that have been produced
by the assembly of PbX quantum dots. The process proceeds without the addition of
an initiator and the formation process has been studied by absorption spectroscopy. The
resulting porous structures remain crystalline and even though the size and shape of the
semiconductor quantum dots changes during the gelation, size dependent effects of the
optical properties of the gel structures can nevertheless be demonstrated. For further op-
timization regarding their potential application as TE materials porous structures from
PbS and Au have been produced. The use of the gold nanoparticles should increase
the conductivity and make it possible to determine Seebeck coefficients for a mixed
semiconductor-metal gel.
Within the second experiment-based chapter of this work quantum dots have again been
used as building blocks. The quantum dots have been utilized to produce a solid material
that is still nanostructured by compaction of the quantum dots. Therefore the synthesis
of PbS has been optimized with respect to the reaction yield. Unfortunately the ligands
used in the synthesis to control the size and shape of the resulting particles act as an
insulating layer. Therefore different surface modification strategies are introduced to
overcome this problem and to increase the conductivity of the resulting quantum dot
solids. Two compaction methods for the pressing of these quantum dots are compared
and the resulting quantum dot solids are characterized with respect to their potential
2
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application as TE materials.
The last chapter then deals with one dimensional PbS nanostructures. A synthesis for
PbS nanowires is presented that enables the synthesis of PbS nanowires of different di-
ameters and which is easy up-scalable. The resulting nanowires are used as building
blocks for film formation on glass substrates using an easy to implement method that
requires no special equipment. With regard to possible applications as TE materials,
surface modifications of the films are implemented in order to improve the charge trans-
fer in the films and first investigations on the Seebeck coefficients of the resulting films
have been performed.
3
Chapter 1.
Theory
Within this chapter an insight is provided into the theoretical backgrounds of the themes
of this work. In the first section of the chapter the focus lies on the lead chalcogenides
that are used as the nanoparticle system of interest within this work. The synthesis
method is introduced and the unique properties of nanoparticulate lead chalcogenides
are described.
In the second part of the chapter the emphasis is placed on the application of the
nanoparticles as thermoelectric materials that is mainly focused upon within this work.
Therefore a closer look at the transport properties has been presented. In addition to
the transport properties an introduction to the thermoelectric properties that can be ex-
plained by the transport properties is given with special focus on the influence that the
decreased size in nanostructures has on the thermoelectric properties and the promising
possible enhancements.
1.1. Lead chalcogenide quantum dots
The preparation of nanostructures can generally be classified into two different routes.
One is the so called top-down method where nanostructures are achieved by the crush-
ing of bulk material. The second route is the bottom up method, where nanostructures
are formed from molecules or atoms. Via the top down route large amounts of materi-
als can be easily produced but usually lacks uniformity within or size control over the
resulting nanostructures. This is necessary for investigations on the properties of the
nanostructures and for explanations concerning their size or shape dependency. One
well established method that offers good control of the resulting nanostructures is the
hot injection method. This method was established by Murray et al. in 1993 [37] and is
based on a fast injection of an organometallic precursor into a hot reaction solution. The
fast injection leads to rapid nucleation and because all nanoparticles nucleate simultane-
ously, their growth histories are nearly the same. This leads to a narrow size distribution
of the resulting particles and the nucleation can be explained within the framework of
classical nucleation theory. In a homogeneous solution, nucleation is accompanied by
the formation of an interface between the solution and the resulting crystal which oc-
curs at the expense of an increase in free energy. On the other hand, the monomer has
a smaller free energy in the crystalline state than in solution if the solution is supersatu-
4
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rated. Hence, there are two opposite tendencies during the nucleation event. On the one
side there is an increase in the free energy caused by the formation of the interface, and
on the other side there is a decrease in the free energy caused by the formation of the
crystal. This can be described with the help of following equation
∆G= 4pir2γ+
4
3
pir3∆GV (1.1)
where γ is the surface free energy per unit area and ∆GV is the Gibbs free energy
per unit volume of the crystal. In Figure 1.1 the corresponding graph of equation 1.1 is
presented. Because the contributions from the surface and the volume of the nucleus
are second- and third-order curves, their summation has a maximum point at the criti-
cal radius (rc). This means that in regions where r<rc, the only possibility to decrease
the free energy is the reduction of r. Consequently, any nucleus that is smaller than rc
dissolves away spontaneously. If a nucleus is larger than rc, its growth is thermody-
namically favored. So rc is the minimum radius of a nucleus that can stably exist in the
solution.
Figure 1.1.: Due to the classical crystallization theory nucleation depends on the nuclei
size (r) and the corresponding Gibbs free energy (∆G)
Within the hot injection method the nucleation process is much shorter than the
growth process and both are separated from each other. This leads to a method that
enables good control over the size distribution of the resulting particles. The size and
the shape of the resulting nanostructures are also controlled by the organic surfactants
which next to the material of the nanoparticles have one of the largest influences on
the resulting properties. They determine the solubility of the particles and saturate the
surface which is important for the optical properties of nanoparticles. But they also
define the interparticle distance and therefore have a great impact on the transport prop-
erties in nanocomposites. Nevertheless the ligands also offer the possibility to design
the nanoparticle surface as required by exchange reactions. Lead chalcogenide nanopar-
ticles provide unique properties due to their strong quantum confinement. Due to their
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high dielectric constants and their small effective electron and hole masses the resulting
excitons have very large Bohr radii (PbS 20 nm, PbSe 46 nm). [27] These large Bohr radii
offer the possibility of a large quantum confinement effect within the lead chalcogenide
nanostructures. This leads to sharp delta-function-like peaks in the density of states
(DOS) and which is predicted to be necessary to achieve good thermoelectric properties
by Mahan and Sofo. [38] Besides their strong quantum confinement lead chalcogenide
nanostructures gain much attention due to their size-tunable optical properties in the
near-infrared (NIR) region due to their narrow direct bulk bandgaps (PbS 0.41 eV, PbSe
0.28 eV). [39] It has also been shown that the lead chalcogenides may be able to gener-
ate more than one exciton by the absorption of one high energy photon which is called
MEG. [28,40–44] This offers a wide range of potential applications like telecommunica-
tions, [29] photovoltaics, [34,35,45–48] lasers [49] and photodetectors. [50,51]
1.2. Transport properties
Thermoelectric properties are fundamental transport properties. Therefore within this
chapter a brief insight into transport processes in semiconductors is given. It aims to
draw attention to certain factors that can influence the transport of charge and heat within
a semiconductor material and therefore also influence the resulting thermoelectric prop-
erties.
1.2.1. Electron transport in semiconductors
Electric charge is transported within a solid due to quasi-free electrons. The physical
properties of semiconductors can be understood by the help of energy band structures.
The Fermi level is located in the bandgap in semiconductor materials with the energy
levels above and underneath called the conduction and valence bands. Within these
bands charge carrier transport can occur when they are not completely filled nor com-
pletely empty. This can be achieved for example by doping to achieve n-type semicon-
ductors that have an excess of electrons or p-type semiconductors with a deficiency of
electrons. Within this work often holes are mentioned as charge carriers. This is a model
of solid state physics designed to describe the absence of an electron in the valence band
as a positively charged particle. The energy of an electron is dependent on the band level
where the electron is situated and the momentum of the electron (wave-vector k). In di-
rect semiconductors like the lead chalcogenides the minimum of the conduction band is
directly located above the maximum of the valence band and the momentum is approxi-
mately the same. The electrical conduction can be described with the help of the Drude
model. This model was originally developed for metals but can also be transferred so as
to describe free electrons in the conduction band in a semiconductor with some restric-
tions. The Drude model considers that electrons are accelerated by an external electric
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field and only interactions in the form of collisions counteract this acceleration. Colli-
sions lead to scattering and can be induced for example by phonons, contaminations or
lattice defects. It is assumed that the electrons are not interacting with each other and
that all electrons contribute to the electrical conductivity.
For semiconductors and their band structure it is necessary to consider the occupation
probability of an energy state with an electron. This can be described by the Fermi-Dirac
distribution
f (E) =
1
1+ exp
(
E−EF
kBT
) (1.2)
In the non-equilibrium state such as under the influence of an external electric field,
the time dependency of the distribution is described by the Boltzmann transport equation
(BTE).
∂ f
∂ t
+
e
h¯
E∇k f +υ∇r f =
(
d f
dt
)
coll
(1.3)
The right-hand term describes the change of the distribution function due to scattering
processes where f is the distribution function of the electrons, E is the electrical field,
∇k and ∇r are the wave vector and the position vector and υ is the group velocity and
e is the elementary charge . Therefore the left-hand term is also called the drift term.
It describes the dependence of the distribution function on time, space and momentum.
The BTE can be used to determine the magnitude of the charge density. [52]
J ≡∓neυC =∓e
∞∫
−∞
g(E)υC(E)[ f (E)− f0(E)]dE (1.4)
This equation demonstrates the dependency of the charge density on the carrier con-
centration (n), carrier velocity (υC) and the DOS (g(E)) of the material. The velocity of
an electron is determined by the mobility of the electron and the applied electrical field.
The conductivity can therefore be defined for electrons (σn) by
σn = e ·µn ·n (1.5)
and for holes (σp) as
σp = e ·µp · p (1.6)
where µ is the mobility of the electrons (µn) or holes (µp) and n is the electron den-
sity or rather p is the hole density.
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For the conductivity of a semiconductor where electron as well as hole conduction is
performed thus results in
σ = σn+σp = e(µnn+µpp) (1.7)
The electrical conductivity in unordered nanostructure materials can be compared to
polycrystalline materials where the conductivity is dominated by scattering processes at
grain boundaries. This has also be seen by Martin et al. for nanostructured PbTe. [53] If
there is a large degree of disorder in a semiconductor than there will be small localized
pockets of carriers which will have to surmount the potential barriers between them.
Therefore the electrical transport is more characteristic of a hopping transport instead
of band transport in arrays of close-packed semiconductor nanoparticles with the rate of
hopping of charge carriers between the nanoparticles depending on the strength of the
electronic coupling. The coupling energy (β ) can be defined as
β ≈ Γh (1.8)
where h is Planck‘s constant and Γ is the hopping rate. [54] The tunneling rate between
two orbitals of neighboring nanoparticles can be expressed as
Γ≈ exp
{
−2
(
2m?∆E
h¯2
)0.5
∆x
}
(1.9)
where m? is the electron effective mass, and ∆E and ∆x are the height and the width
of the tunneling barrier between the NCs. [54] So the strength of the electronic coup-
ling depends on the extension of the orbitals in the nanoparticles and the height and
the width of the energy barrier between neighboring nanoparticles. [55] Therefore the
coupling strength is dependent on the nature of the nanoparticles and of the capping
molecules or linkers in between the nanoparticles. This means that the charge transport
in materials composed from nanoparticles can be influenced by changing the ligand that
is capping the surface of the nanoparticles. Exchanging long-chained organic ligands
with shorter ones or destroying them by annealing decreases the interparticle distance
and therefore the hopping barrier width and hence can improve the electronic coupling
between the nanoparticles. [56] By the replacement of saturated ligands with conjugated
ligands or with an inorganic material with a smaller effective bandgap the coupling and
therefore the hopping rate should be increased due to the reduced height of the energy
barrier. [57] Liu et al. show also that the carrier mobility is dependent on the size of
the nanocrystals. [57] Larger nanoparticles lead to a smaller number of interfaces and
therefore to a smaller amount of hops required for the charge transport. Assemblies of
lead chalcogenide nanoparticles show promising charge transport properties due to their
monodispersity and eightfold degeneracy of 1S electron and hole states that allows good
energy-level alignment between adjacent particles, leads to sharp peaks in the electronic
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DOS and provides a very large number of electronic states available for charge trans-
port. [58] The final goal in designing functional NC assemblies or solids for electronic
applications is to achieve bulk type carrier transport through the minibands that can be
formed due to strong interparticle coupling. In the miniband transport regime much
higher carrier mobility than in the hopping regime can be expected. [54,59]
1.2.2. Phonon transport in semiconductors
The total thermal conductivity is the sum of the electronic (κe) and the lattice related
components (κ l) of the thermal conductivity.
κ = κe+κl (1.10)
Only κe is connected with the electrical conductivity via the Wiedemann-Franz law
and this part is generally small in magnitude compared to κ l. [52] The electronic thermal
conductivity can be defined by the Wiedemann-Franz law.
κe = L ·σ ·T (1.11)
The Lorenz number (L) in semiconductors depends on the doping level and is there-
fore not a constant. The heat current density (Q) can also be determined using the BTE.
Q≡ n(E−EF)υ =
∞∫
−∞
g(E)(E−EF)υ(E)[ f (E)− f0(E)]dE (1.12)
It should be noted that in contrast to the charge density (Eq. 1.4) where an electron
always carries the same amount of charge it can carry any amount of thermal energy
which is expressed by (E-EF). [52] An optimal way to reduce the thermal conductivity
is the manipulation of the lattice related portion that is not connected to the Seebeck
coefficient or the electrical conductivity. The classical kinetic theory provides a good
description for the lattice thermal conductivity
κl =
1
3
·CV · l ·υS (1.13)
It contains the specific heat at a constant volume (CV), the mean free phonon path (l),
and the average velocity of sound (υS). [60] Above the Debye temperature, where CV
approaches the value of 3R, κ l is primarily dependent on the mean free phonon path.
This is also the factor that is mainly influenced by nanostructuring and will be discussed
in the next section.
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1.3. Thermoelectric properties
The direct conversion of a temperature difference to an electric voltage by a material
and vice-versa is called the thermoelectric effect. The so-called thermoelectric effect
covers three separate effects, the Seebeck effect, the Peltier effect and the Thomson
effect. The discovery of these three effects marks the beginning of the development of
thermoelectric materials. The most well-known effect is the Seebeck effect. This effect
describes the occurrence of an electric voltage within a material due to a temperature
difference.
S=
V
∆T
(1.14)
This can be explained as being due to the higher thermal energy of mobile charge
carriers at the hot side compared to charge carriers at the cold side (see Figure 1.2 (A)).
This leads to an excess of charge carriers on the cold side and the inhomogeneous charge
distribution within the material forms an electrical field whose direction is opposite to
that of the thermal diffusion.
Figure 1.2.: (A) Schematic illustration of the inhomogeneous charge distribution within
a thermoelectric material as a consequence of the different thermal energy
of the charge carriers at different temperatures. (B) Schematic illustration
of a thermocouple consisting of an n-type and a p-type semiconductor.
If the material is connected to a circuit this electrical field can be used due to the
current which arises. A scheme of a thermocouple used for power generation can be
seen in Figure 1.2 (B) and typical modern devices consist of many of these alternating
n- and p-type legs. The heat flows in parallel through the legs while the generated
current flows within the longest axes of the legs. The efficiency of Seebeck devices is
not very high but they do not require intensive maintenance, are robust and free of noise
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and vibrations. So they are used mainly for special space applications using a nuclear
material as heat source. [61]
The Peltier effect describes the reverse process i.e. when an external applied voltage
is used to cause a temperature difference to occur. The Peltier coefficient (Π) can be
written as
Π=
Q
I
(1.15)
where Q is the rate of cooling or heating at the junction per unit time and I is the
electrical current that is flowing through the material. This leads in a thermocouple to
the effect that on one side the heat is adsorbed and on the other site it is liberated. This
effect is used for cooling devices such as portable cold boxes, for air conditioning or for
heat pumps. [62] The relationship between the Peltier and the Seebeck coefficient is also
often called Thomson relation.
Π= S ·T (1.16)
The most important value for the determination of the efficiency of thermoelectric
materials is the thermoelectric figure of merit (Z). Z is usually multiplied by the average
temperature to result in the dimensionless figure of merit (ZT)
ZT =
S2σ
κ
T (1.17)
where S is the Seebeck coefficient, often also called the thermoelectric power, σ the
electrical conductivity and κ is the thermal conductivity. For a long period of time ther-
moelectric materials have been limited to ZT=1 at room temperature. With promising
new developments of low dimensional materials significantly higher ZT values have
been reached. This has been shown first for a 2D superlattice of PbTe quantum wells
and Pb1-xEuxTe in 1996. [63] For 0D quantum dots Harman et al. published promising
ZT values for a device based on a PbSePbTe superlattice in 2002. [64] By Bi doping the
ZT could be increased up to 3 at 550K. [65] The threshold value for effective thermo-
electric materials is determined as ZT=2. [66] Thermoelectric materials will then possess
comparable performances to that of conventional mechanical machines. The thermo-
electric efficiency can also be calculated from the combination of ZT and the Carnot
efficiency (η) via
η =
∆T
Th
·
√
1+ZT −1√
1+ZT + TcTh
(1.18)
where Th is the temperature on the hot side and Tc is the temperature on the cold
side. For semiconductors, which are mostly used as thermoelectric materials, the ther-
mal conductivity is dominated by phonons. Therefore ZT is usually split into a power
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factor (S2σ ), which is dominated by charge carrier transport and the thermal conduc-
tivity. By increasing the charge carrier concentration the electrical conductivity will
increase but the Seebeck coefficient will decrease. An increase in the Seebeck co-
efficient leads to a decrease in the electrical conductivity. Via the Wiedemann-Franz
law the thermal (κe, the contribution from the electrons) and the electrical conductivity
are connected and therefore the thermal conductivity is also influenced by changes in
the electrical conductivity. In general it can be stated that the quantities S, κ and σ
are interrelated and it is not easy to control them independently so as to increase ZT.
Therefore other strategies have to be found. The investigations towards improved ther-
moelectric materials follow two different approaches. One approach concentrates on
new families of advanced bulk materials. [60,67–69] These are mainly so-called “phonon-
glass/electron-crystal” (PGEC) materials that have been introduced by Slack et al. [61]
Within PGEC materials the electrons behave as in crystals and a good electrical con-
ductivity is obtained while the phonons behave as in a glass to suppress the thermal
conductivity. This can be achieved by the introduction of heavy-ion species with large
vibrational amplitudes that provide effective phonon-scattering centers, as in partially
filled skutterudites. [69]
The other approach focuses on low-dimensional material systems [60,63,70–72] where by
decreasing the dimensions of a system, size dependent properties can be manipulated
and new means of improvement are offered. The transport properties become inde-
pendent of each other at the nanometer scale as the scattering of phonons at the grain
boundaries of the nanostructured material leads to a decreased lattice thermal conducti-
vity. [73] By choosing the optimal grain sizes of the nanostructures the electrical conduc-
tivity is less affected due to differences in the respective scattering length of electrons
and phonons. Therefore grain sizes that are smaller than the phonon mean free path
but at the same time greater than the charge carrier (electron or hole) mean free path
are required. The majority of the enhancement in ZT achieved by nanostructuring is
caused by the reduced thermal conductivity which is due to the high amount of grain
boundaries. This also leads to the fact that in nanostructured materials κe becomes more
important due to the decreased contribution of the lattice thermal conductivity. By in-
vestigations of the cross plane transport in Bi2Te3/Sb2Te3 superlattices this difference
in influence on the scattering of phonons and electrons at interfaces could be shown. [73]
The introduction of quantum confinement can enhance the power factor because the
Seebeck coefficient is a function of the DOS. [51,62,66] Quantum confinement leads to
a collapse of the valence and conduction bands of semiconductors into well-separated
discrete energy states. [27,66,70] The Seebeck coefficient is roughly proportional to the
difference between the Fermi level and the average mobile carrier energy. [74] One pos-
sible explanation for the enhancement of thermopower with decreasing particle size has
been given by Wang et al. [74] They postulate that due to the size dependent bandgap the
bandedge moves away from the Fermi level with decreasing particle size resulting in
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an increase in the Seebeck coefficient. Furthermore the Wiedemann-Franz law loses its
validity for materials with delta-function like DOS. [75]
The improvements in the ZT for nanostructured materials arise due to the combination
of all these mechanisms and while the different approaches were developed indepen-
dently they are now approaching one another. This could be done for example by the
inclusion of quantum dots within thermoelectric materials as has been shown by Hsu
et al. [76] or on the other side by assembling nanostructures to achieve a nanostructured
bulk material. [77–82]
Further enhancements can be obtained using the concept of energy filtering of carri-
ers with the help of interfaces that act as barriers and restrict the energy of carriers
from entering a material. [60,61] Low energy electrons reduce the Seebeck coefficient be-
cause this portion of the Seebeck distribution is negative. [60] So the Seebeck coefficient
can be increased by the introduction of a further scattering mechanism that preferen-
tially scatters low energy electrons and thereby minimizes their contribution to transport
properties. Shakouri et al. have shown an increased power factor due to energy filter-
ing in InGaAs/InGaAlAs supperlattices. [83] Nolas et al. calculated and experimentally
demonstrated that due to oxidation processes trap states appear at the PbTe nanocrystal
surface that provide an energy filtering. [53,84] Only electrons with a sufficient energy
are able to pass through and provide a contribution to the electrical conductivity and the
Seebeck coefficient. In summary it can be concluded that nanostructuring offers great
possibilities by which thermoelectric properties of materials can be enhanced. But the
correct choice of processing conditions and treatments is essential to maintain the de-
sired nanostructures through the processing as well as through the service time of the
resulting thermoelectric devices. The following chapters will deal with three different
approaches by which nanostructures can be assembled. Within these three ways the
focus will be placed especially on the maintenance of the nanostructure size during the
assembly and surface treatment steps.
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Self assembly of nanoparticles to form porous
structures∗
A possibility which has been demonstrated to hold great promise for the assembly of
nanoparticles into 3D networks is via the formation of gels. Gels are filigree, solid
networks that are very porous and therefore have a huge inner surface area. Depend-
ing on the drying procedure employed to form the dry gels from their wet state, the
gel structures that result can either be aerogels or xerogels. [9,85] If supercritical drying
is employed during the drying procedure aerogels can be prepared from the wet gels
while minimizing any resulting changes in the structure. [86] The aerogels thus formed
are highly porous, containing a high surface area and possessing very low densities com-
pared to that of the bulk material. Xerogel structures are achieved through conventional
drying which results in the volume of the initial gels showing a large degree of shrink-
age during the drying due to capillary forces which cause the filigree and highly porous
network to collapse during the drying procedure. The best known and most studied ma-
terials in the case of aerogel structures are SiO2 aerogels. They have a high transparency
and a very low thermal conductivity. The chemical composition of aerogel structures
can include oxides, metals, semiconductors as well as organic compounds. Depending
on the materials used a huge variety of combined properties from the material and the
porous structures are offered for a wide range of applications. Aerogels can be obtained
as monoliths, granulates or powders. The bulk density of aerogels is in the range of
0.004-0.5 g/cm3 which is quite close to the density of air. [9,87]
Aerogels are not a new invention. Its development dates back to Kistler [86] who pre-
pared the first aerogel in 1931. This first publication ended very optimistically: “. . . we
see no reason why this list may not be extended indefinitely. Apart from the scientific
significance of these observations, the new physical properties developed in the ma-
terials are of unusual interest.” Decisive progress started, however, only in the 1960s
with the development of the sol-gel process. [9,85] The intensive research in the area of
SiO2 gels led to the first application in the so-called Cerenkov detectors, particle de-
tectors for high-energy physics. [88,89] A recent variation of aerogels is their preparation
from chalcogenide clusters. [90–94] The first important step for the development of aero-
gels prepared from nanoparticles as building blocks has been made by Brock et al. in
2005. [95] By using nanoparticles as the building blocks for gels, their physical proper-
∗Parts of this chapter have already been submitted.
14
Self assembly of nanoparticles to form porous structures
ties can be combined with those of typical gels to possess high surface areas, low heat
conductivities, low densities etc. Because of this variety of options, the research area
concerning aerogels of nanoparticles developed more quickly, with among other things
the preparation of aerogels from aqueous synthesized semiconductor nanoparticles [5]
and the first gels prepared from metal nanoparticles. [96]
A number of different approaches by which the assembly of nanoparticles into porous
structures can be achieved have been reported. The addition of oxidizers [3,7,95–99] or
exposure to radiation [5,100] have been used to destabilize colloidal solutions of nanopar-
ticles as has the addition of specific surface bound ligands such as tetrazoles [6,101,102]
which are subsequently employed to form complexes by the addition of ions to their
solutions. As mentioned, aerogels composed of QDs open the possibility to combine
the properties of the individual nanoparticles with those of the properties of the gel
structure and consequently the formation of several successful gel structures composed
of nanoparticulate materials have so far been reported in the literature. [96,100,101,103–105]
Nevertheless the gel formation methodologies hitherto employed have also influenced
the properties of the QDs. Therefore different methods for gel formation are needed
depending on the required properties of the resulting gel. This is especially so for aero-
gels composed of lead chalcogenide QDs where their application as a thermoelectric
material is of great interest. For example, bulk PbTe is presently used in thermoelec-
tric devices due to the high ZT and theoretical studies undertaken by Dresselhaus et
al. [106] have suggested that significant improvements in the thermoelectric properties
could be achieved if a degree of nano-structuring were to be introduced to the material.
Recently Brock and coworkers [107] have reported the thermoelectric characterization of
aerogels composed of Bi2Te3, however improvements are necessary in order to achieve
commercially useful ZT values. In addition, the combination of a number of differ-
ent materials within one structure would be of considerable interest as the presence of
heterogeneous interfaces between the nanoparticles can reduce the lattice thermal con-
ductivity by blocking phonon conduction while at the same time leaving the electron
conduction significantly less affected.
For many applications not only is the assembly into 3D structures necessary but, if one
is to improve the charge transfer rates, so is the formation of a good contact between the
individual particles. The organic ligand shell passivating the nanoparticle surface often
provides a barrier to the many applications involving transport in nanoparticles. There-
fore, assembly methods that enable the elimination of the ligand shell and consequently
improve contact between the particles are of great interest for further developments
involving QDs. The production of sol-gel materials by the controlled loss of surface lig-
ands is a potential means by which to overcome the issue of high electrical conductivity.
To date the main focus has been on cadmium containing aerogels although a number of
first works on lead chalcogenide aerogels and xerogels have been published. [108,109]
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2.1. Semiconductor aerogels from PbS and PbSe
In the present part of the chapter a methodology is demonstrated by which porous struc-
tures, formed via the assembly of PbS and PbSe nanoparticles can be obtained without
the addition of an initiator. The porous structures have been achieved after the dissolu-
tion of ligand exchanged particles in a pure solvent and the gelation process has been
studied by absorption spectroscopy. The resulting porous structures have also been char-
acterized with respect to their composition and crystalline structure. Even though the
particle size and shape of the semiconductor QDs changes during the gelation, size de-
pendent effects of the optical properties of the gel structures can nevertheless be shown.
2.1.1. PbS and PbSe quantum dots for semiconductor aerogels
Figure 2.1.: (A) X-ray diffraction pattern of the QDs. The vertical lines represent PDF-
file [5-592] for galena (red) and [6-354] for clausthalite (blue). (B) Nor-
malized absorption spectra of OlA capped PbS and PbSe quantum dots in
TCE.
PbS and PbSe quantum dots of different sizes were synthesized using a modified hot
injection method employing oleic acid (OlA) and trioctylphosphine (TOP) to control
both the growth and resulting sizes of the particles, as has been previously reported
in the literature. [20,110,111] The powder diffraction patterns presented in Figure 2.1 (A)
demonstrate a good match to that of the diffraction pattern of galena for PbS and of
clausthalite for PbSe as may be seen by comparison with the reference sticks. Due to
the nanometer sized crystalline domains of the individual nanoparticles the peaks are
broadened. In Figure 2.1 (B) exemplary absorption spectra of the resulting quantum
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Figure 2.2.: TEM images of spherical and highly crystalline PbS (A) and PbSe QDs (B)
and HR-TEM image of PbSe QDs (C) dispersed from toluene with oleic
acid as ligand. The inset in (B) shows the SAED pattern of the QDs and the
inset in (C) shows the lattice planes within one PbSe QD (scale bar 5 nm).
dots recorded in tetrachlorethylene (TCE) are presented. The first excitonic transition is
clearly resolved and significantly blue shifted for both materials indicating both a very
narrow size distribution and strong quantum confinement respectively. The overview
TEM images (Figure 2.2 (A) and (B)) confirm the narrow size distribution of the spheri-
cally shaped quantum dots. The selected area electron diffraction (SAED) pattern (inset
in Figure 2.2 (B)) and the high resolution transmission electron microscopy (HR-TEM)
images (Figure 2.2 (C)) further verify that the nanoparticles are highly crystalline and
without the presence of stacking faults. The as-synthesized nanoparticles are coated by
a layer of organic ligands (OlA) and are therefore soluble in non-polar solvents. The
particles, once dissolved are very stable with respect to their solubility and no aggrega-
tion has been observed even over a period of several years.
2.1.2. Phase transfer from apolar to polar solvents
Aerogels formed by the assembly of nanoparticles have primarily been prepared in polar
solvents. [5,6,96,100,112] Therefore, to achieve water solubility, in this work the nanopar-
ticle surface is modified via a ligand exchange with short thiolate bearing ligands. The
OlA capping of the as-prepared nanoparticles is exchanged for 3-mercaptopropionic
acid (MPA) due to the higher affinity of the thiolate to the nanoparticle surface (see Fig-
ure 2.3 (A)). By using an excess of the MPA ligand the equilibrium is shifted in favor of
replacement by the thiolate moiety and the ligand exchange takes place immediately. It
has been found that for the ligand exchange to be successful the MPA should be in its
deprotonated state and therefore the exchange is undertaken in the presence of a base.
Excess ligand may be removed afterwards by washing the resulting precipitate with pure
methanol. The solubility of the quantum dots in water after the application of this pro-
cedure is an obvious reliable indicator of a successful ligand exchange. The absorption
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Figure 2.3.: (A) Schematic representation of the ligand exchange of the QDs from OlA
to MPA (B) absorbance spectra of PbS QDs before (in TCE) and after
(in D2O) ligand exchange with MPA showing no difference in the optical
properties. (C) FTIR spectra of PbS QDs with OlA (before) and with MPA
show the success of the ligand exchange and the FTIR spectra after heating
shows the completeness of the ligand removal at elevated temperature.
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spectra (Figure 2.3 (B)) present the first excitonic transition of the PbS nanoparticles be-
fore and after surface modification. The small red shift in the peak can be explained by
the dissimilarity in the dielectric constants of the different solvents used. It must also be
taken into account that the usage of sulfur containing MPA as ligand leads to an increase
of sulfur and therefore to slightly bigger particles. Nevertheless it can be seen that the
surface modification does not lead to any significant changes in the optical properties of
the nanoparticles that are to be used for the gel formation. To further demonstrate the
effectiveness of the ligand exchange, FTIR studies were performed. In Figure 2.3 (C)
the FTIR spectra of as-synthesized, of ligand exchanged and of nanoparticles after the
application of a thermal treatment are shown. The characteristic bands at 3005 cm-1,
around 2900 cm-1 and 1531 cm-1 corresponding to =CH, -CH and -COO- stretching
modes are attributable to the OlA capping present on the as-synthesized quantum dots.
However after ligand exchange with MPA the =CH band disappears and the intensity
of the CH-stretching mode has decreased significantly due to the smaller amount of
CH2 groups present in MPA as compared to OlA. Upon closer inspection of the as-
synthesized sample, the methyl stretching modes at 2954 cm-1 and 2870 cm-1 next to
the much more intense signal for the ethyl stretching modes at 2922 cm-1 and 2852 cm-1
can be seen. These methyl stretching modes in addition to the methyl deformation mode
at 1378 cm-1 cannot be observed in the MPA-modified sample. The carboxylate mode
can also be observed in the modified sample. The disappearance of the methyl modes
after the ligand exchange as well as the decreased intensity of the ethyl stretching mode
and the solubility of the quantum dots in water all indicates the success of the surface
modification. After a thermal treatment it can be seen that the ligands are completely
removed and the samples no longer possess any of their characteristic absorbance bands.
2.1.3. Gelation process and drying procedures for porous structures
Both monocomponential and mixed gel structures were prepared using the surface-
modified nanoparticles and without the addition of any initiators such as oxidizers or
irradiation.
Figure 2.4 illustrates an example of a freshly prepared sol of the quantum dots in wa-
ter and the resulting monolithic hydrogel. The drying procedure involved exchanging
the water for acetone as solvent by the slow addition of acetone and removal of the
supernatant over a period of three days. This exchange is necessary for critical point
drying as acetone is miscible with liquid CO2. Even when the acetone is allowed to
evaporate slowly during the preparation a large shrinkage in the sample volume never-
theless results due to the capillary forces which are present during evaporation resulting
in a xerogel (Figure 2.4). This “conventional” drying procedure results in the collapse
of the filigree of the inorganic network. Therefore, to preserve the filigree structure and
hence the initial volume of the hydrogel, supercritical drying has been used. The aero-
gel structures achieved using this methodology have a significantly larger volume and
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Figure 2.4.: Photographic images of the initial QD-solution after ligand exchange in
water, and the resulting hydrogel (left), a corresponding xerogel prepared
by ambient pressure drying (top right) and an aerogel formed by supercri-
tical drying (bottom right) for comparison of the significant differences in
volume caused by the different drying procedures.
consequently a very low density. For the aerogel presented in Figure 2.4 a density of
8 mg/cm3 has been estimated which is approximately one thousandth of the bulk den-
sity of PbS (7.58 g/cm3). The aerogels, xerogels and hydrogel structures are black in
appearance as are the PbS and PbSe nanoparticle building blocks.
As previously described, simply dissolving the surface modified QDs in water causes
a slow aggregation which is necessary for gel formation. A similar effect has previously
been observed by Tang et al. [113] in the formation of CdTe nanowires, which occurs dur-
ing the long term storage of CdTe quantum dots. Self-induced gelation under ambient
light has also been commented on by Brock et al. [95,112] and was postulated to occur as a
consequence of photocatalytic oxidation processes. In the present study it has been have
observed that gelation occurs in samples exposed to ambient light as well as in those
kept in the dark. Therefore, the driving force for the gelation in this case is not purely
photocatalytic oxidation. As has been described by Tang et al. [113] the dynamic equi-
librium between the quantum dots and the free ligands is shifted towards detachment
of the ligands by dissolving them in pure water. This leads to the presence of partially
naked rather than fully passivated nanoparticle surfaces and thus enables the gelation
to proceed. To obtain a better understanding of the time dependence of the gelation
process the absorbance properties of the nanoparticle solutions were monitored over a
period of days using NIR absorption spectroscopy. In Figure 2.5 (A) and Figure 2.6 (A)
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Figure 2.5.: (A) Temporal evolution of the absorption spectra during the gelation of the
PbS QDs in D2O shows an increasing influence of scattering with time. (B)
Normalized absorption spectra after different time steps show a broadening
in the first absorption maxima during the gelation that suggest a change in
shape or size of the quantum dots.
Figure 2.6.: (A) 3D plot of the temporal evolution of the absorption spectra during the
gelation of the PbS QDs in D2O and (B) time dependent evolution of the
absorbance at two wavelengths during the recorded gelation time.
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the temporal evolution of the absorbance spectra is displayed for a sample containing
PbS QDs. The feature at 1200 nm arises from a detector change (see Figure 2.5 (A)). For
ease of comparison normalized spectra for the starting sample and several “snapshots”
in time as the gelation proceeds are shown. During the gelation two main changes in the
absorbance spectra can be observed (see Figure 2.6 (B)). The first change is a jump in
the spectra that occurs between the first and the second hour where the absorbance of all
spectra increases and which can be explained by the presence of scattering, indicating
that the formation of the first aggregates occurs quite quickly. The slight blue shift in
the maxima of the first transition can be attributed to the solvation of lead ions from the
particle surface resulting in a decrease in the average particle size. [100,114] As time pro-
gresses a broadening of the first transition maxima can be observed (see Figure 2.5 (B))
which leads to the conclusion of the presence of a broadened size distribution and the
formation of larger structures. Through the loss of the ligand the overall negative charge
of the particle is decreased and the mutual electrostatic repulsion of the quantum dots is
reduced. [113] The first transition is also less pronounced owing to the superposition of
additional absorbance profiles caused by the increase in the influence of scattering ef-
fects and also the shift in absorbance of larger structures whose first transition maxima
lie outside of the measurement range. The significant jump observed after ∼52 h can be
attributed to an increase in the concentration present within in the volume of the cuvette
illuminated by the probing light beam. This occurs due to sample compression as the
absorption of the sample was detected as close to the bottom of the cuvette as possible
in order to delay any signal loss from aggregated material falling out of solution (solu-
tion depletion) under the influence of gravity for as long as possible. After 60 hours one
nevertheless observes a decrease in the absorbance which this time is due to the sample
material dropping out of the path of the beam as further aggregation and resulting com-
pression occurs. One of the main advantages often mentioned for using an oxidizer to
bring about gelation is the much faster gelation time achieved as compared to when it
is absent. In order to overcome the time-consuming gelation step, which has an average
duration of more than 48 h, gel formation at higher temperatures was investigated. It
was found that very positive results could be achieved at the slightly elevated tempera-
ture of 70 ◦C. This temperature is not sufficiently high for changes in the nanoparticles
to occur and hydrogels can be produced in a vastly decreased time frame, usually within
two hours.
To probe the presence of an equilibrium shift with respect to the diffusion of the
ligand surface to and from the nanoparticle surface, the particles were dissolved in an
aqueous solution containing MPA (188 mM) with the pH adjusted to between 9 and 10.
As may be seen from the absorption spectra taken over time presented in Figure 2.7 no
aggregation is observed over the same time range, in contrast to that observed for the
solution in pure water. The first excitonic transition does not shift but can be seen to
be slightly broadened. The addition of deprotonated MPA leads to an almost negligible
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Figure 2.7.: Temporal evolution of the absorption spectra of the QDs in D2O after the
addition of MPA and adjustment of the pH.
shift in the equilibrium. This result indicates that only few ligands are permanently
removed from the surface and thereby only a slight degree of aggregation can occur and
lends support to the idea that a shift in the diffusion equilibrium of the ligands from the
surface is at least in part responsible for in the gelation.
2.1.4. Investigation of structural and optical properties of the resulting
structures
The crystalline nature of the prepared aerogels was evaluated using powder X-ray diffrac-
tion (XRD). As shown in Figure 2.8 the resulting aerogels retain the crystalline struc-
ture of their nanoparticulate building blocks. The reflections recorded for the aerogels
are narrower than the reflections obtained from the quantum dots (for a comparison
see Figure 2.1 (A)). This can be explained by an increase in the size of the individual
nanoparticles which occurs through their attachment to each other during the growth
of the structure and which should also result in a degree of relaxation in the quantum
confinement. For example in the case of the PbSe aerogel the presence of an average
crystallite size of 11.5 nm was calculated by applying the Debye-Sherrer formula to the
(220) peak. The quantum dots used to form the structure initially had an average size
of 5 nm as determined from the absorbance spectra. [115] Due to the similarity in the
cubic structures of PbS and PbSe no significant differences pertaining to each individ-
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Figure 2.8.: XRD pattern of the resulting aerogel structures show significantly narrower
reflections than for the quantum dots. For ease of comparison Bragg posi-
tions for galena (red) and clausthalite (blue) are also plotted. For the mixed
PbS/PbSe aerogel a shift in the reflections is observed.
ual material can be distinguished from the powder-XRD pattern of the mixed aerogel.
Therefore in an attempt to establish the PbS to PbSe ratio, the lattice constant of the
mixed structure was determined as 5.9976 Å and Vegard’s law was applied. This re-
sults in an approximate S:Se ratio of 67:33. However it has to be mentioned that this
result should be interpreted with caution as Vegard’s law is usually applied in the case
of alloys i.e. solid solutions.
In addition thermogravimetric analysis (TGA) measurements were undertaken to eval-
uate the amount of organic component still present in the resulting structure as well as to
determine the temperature stability of the aerogels. In Figure 2.9 TGA data obtained for
samples of the initial quantum dots, the MPA-modified quantum dots and the resulting
aerogels are shown. The mass loss observed for both the initial PbS and PbSe quantum
dots shows the removal of the OlA occurs at 300-450 ◦C. By comparison it can be seen
that MPA is removed from the surface of the modified particles at lower temperatures
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Figure 2.9.: TGA of the initial and modified nanoparticles and the resulting aerogels
performed under nitrogen flow with a heating rate of 3 K/min.
with the decomposition of MPA starting at about 170 ◦C. This is a much lower tempera-
ture than for the initial particles and brings with it the advantage of an easier removal of
the ligands from the structure should it be required at a later stage. This also confirms
that the preparation of the gel structures at 70 ◦C is not due to the decomposition of the
ligands and subsequent fusing of the nanoparticles, as may reasonably be postulated,
as if this were the case no further loss in mass would be expected for such samples.
Due to the presence of a smaller molecule (MPA) the mass loss is much lower than that
observed for the initial OlA coated quantum dots. The gelation occurs due to the de-
tachment of ligands from the surface resulting in a direct contact between the quantum
dots i.e. without the presence of organic spacers. Since the mass loss is very low, less
than 5 % (cf. 35 % for the as-prepared QDs) it can be concluded that the gel structure is
mainly inorganic in composition.
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Figure 2.10.: SEM images of a PbS xerogel (A), (B) and aerogel (C), (D) structure
at different magnifications demonstrate the significant differences in the
porosity of the structure that are caused by the different drying proce-
dures.
As previously mentioned the hydrogels can be dried under ambient pressure resulting
in xerogels or supercritically which results in aerogels. The main difference between the
two structures is their porosity which is lower in the case of xerogels and therefore leads
to a higher density and a lower specific surface area. This difference in the fine structure
can be clearly seen from the electron microscopy (EM) images presented in Figure 2.10.
On the left side two SEM images at different magnifications are presented for a PbS
xerogel. The xerogel is characterized by being a slightly porous structure containing
on average larger pores. On the right side is a PbS aerogel that has been supercritically
dried. The structure is very fine, extremely porous and can be described as a “sponge”
or “coral” like structure. No characteristic pore size can be determined from the aerogel
images. In addition no differences are discernible between the structures of the PbS,
PbSe or mixed aerogel structures (see Figure 2.11).
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Figure 2.11.: SEM images of PbSe, PbS and mixed aerogels.
In addition, from transmission electron microscopy (TEM) images (Figure 2.12) it
can be seen that the shape of the initial quantum dots is significantly altered. For both
monocomponential and mixed gels, slightly elongated, and even rod like structures can
be observed. Also the thickness of these elongated structures is not of the same size
as that of the initial building blocks but rather can be up to twice as thick as the initial
particles. It is also apparent that most of the quantum dots grow directly together i.e.
without any spacers being observed between them and leads to an irreversible gelation
which, upon addition of fresh MPA, cannot be undone. From the HR-TEM images
(Figure 2.12 (C) and (D)) and the SAED pattern (inset in Figure 2.12 (A)) the crystalline
structure can be observed. The elongated entities display the same lattice planes as for
the quantum dots. This is additional evidence in support of the XRD observation of on-
average larger structures being present within the gels as previously discussed. Also the
aerogel structures contain pores of a range of sizes from micropores up to macropores.
It has not been possible to distinguish between the PbS and the PbSe nanoparticles in
the mixed aerogels due to the complex 3D structure of the samples, as well as their
similar lattice constants (PbS 5.9362 Å, PbSe 6.124 Å) and the similar masses of the
nanoparticles. Hence, a statement as to the distribution of the different materials in the
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Figure 2.12.: TEM images at different magnifications showing the resulting structure
with different pore sizes and elongated shape of the building blocks of
a PbS/PbSe aerogel (A), (B) and PbS aerogel (C), (D). The inset in (A)
shows the SAED pattern of a mixed PbS/PbSe aerogel.
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Table 2.1.: Elemental composition of the different gels and the QDs used in their fabri-
cation as detected by EDX showing a higher amount of lead in the samples
than expected which can be accounted for by the excess of lead used in the
synthesis of the quantum dots.
Pb [Atom%] S [Atom%] Se [Atom%]
PbS/PbSe Gel 58.5 30 11.5
PbS Gel 54 46
PbS QDs 57 46
PbSe Gel 68 32
PbSe QDs 61.5 38.5
mixed gels or whether they are present as an alloy or separately cannot presently be
made. For a more detailed analysis a combined EDX/TEM study would be necessary.
Energy dispersive X-ray spectroscopy (EDX) (Table 2.1) recorded on an area of 16x
16 µm reveals similar atomic ratios at all of the different positions probed within the
mixed aerogels which leads to the conclusion that the nanoparticle distribution is quite
homogenous and that phase segregation does not appear to occur to any great degree.
However phase separation on length scales that are smaller than this cannot be ruled
out. Surprisingly, the atomic ratio of Pb:X (X=S or Se) is not 1:1 as one might expect.
For PbS the ratio is close to that expected but it has to be kept in mind that sulfur is also
present in the MPA ligand which can in principle influence this ratio. The excess of lead
in the initial quantum dots is most likely due to the presence of a lead rich surface as
described in the literature. [116–118] This would further help to explain the attraction of
the thiol-group of the ligand to the quantum dot surface. The measured atomic ratio for
S:Se in the mixed structures is 70:30 i.e. the same as the ratio calculated using Vegard’s
law but, even though a consistent agreement between these values has been found, I
again caution against using this as proof for the existence of an alloy.
Figure 2.13 presents the diffuse reflectance spectra of the aerogels recorded using an
integrating sphere. The unusual shape of the spectra between 0.9 and 1.2 eV appears to
be due to the integrating sphere as a similar response is also detected when a background
profile is acquired using an empty sphere. The jump at 1 eV is due to an instrument
filter change. For comparison the absorption spectra associated with the initial particles
in solution are also displayed. The absorption band is shifted to lower energies (longer
wavelength) compared to that of the building blocks most likely due to the increase
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Figure 2.13.: Diffuse reflectance spectra (converted to absorbance) for as-prepared
aerogels and the absorption spectra of the QDs used showing a shift to
lower energies of the absorption band of the gels compared to the quan-
tum dots which is in good agreement with the enlargement of the building
blocks previously presented.
Table 2.2.: A comparison of the bandgaps of the nanoparticle materials employed as the
building blocks for the aerogels as measured in solution with those measured
for the resulting aerogels.
Nanoparticle Eg [eV] Aerogel Eg [eV]
PbS (smaller QDs) 0.89 0.71
PbS (larger QDs) 0.82 0.56
PbSe (smaller QDs) 0.73 0.56
PbSe (larger QDs) 0.69 0.55
in particle size which occurs during the gelation. The larger gel structures also show
less quantum confinement than the quantum dot solutions as may be seen from the
absorption onset being red shifted.
Upon comparing the spectra of aerogels produced from particles of a different size
(see Figure 2.14 and Table 2.2) it is seen that the optical properties of the gels can
be manipulated. For example the PbS aerogel prepared from smaller quantum dots
(Eg=0.82 eV) show an absorption onset of 0.71 eV whilst the aerogels prepared from
larger quantum dots (Eg=0.89 eV) show an absorption onset at 0.56 eV, the optical prop-
erties of the resulting aerogels being influenced by the size of the nanoparticle building
blocks employed, although the particles within the gel have changed their initial size
and shape.
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Figure 2.14.: Comparison of the diffuse reflectance spectra (converted to absorbance)
for the as-prepared aerogels and the absorption spectra of the QDs em-
ployed as smaller and bigger building blocks.
Figure 2.15.: Nitrogen physisorption isotherm of a PbS aerogel showing a lack of sat-
uration which is an indication for the presence of macropores. The inset
shows the pore size distribution of the sample determined by BJH theory
where a maximum at 11 nm can be defined and the cummulative pore size
distribution.
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To probe the porous nature of the gels nitrogen physisorption measurements were
undertaken (see Figure 2.15 and Figure 2.16). The surface area of the gels was deter-
mined using Brunauer-Emmet-Teller (BET) theory and the pore size distribution was
obtained using the Barrett-Joyner-Halenda (BJH) model. The physisorption isotherms
of the different aerogels are similar as are the surface area values achieved (PbS 61 m2/g
or 14595 m2/mol; PbSe 57 m2/g or 16311 m2/mol; PbS/PbSe 56 m2/g or 14318 m2/mol).
For the determination of the surface area per mol of material the molar mass of PbS and
PbSe has been used and for the calculation of the molar mass of the mixed PbS/PbSe
gel a ratio of 65:35 PbS:PbSe was adopted in accordance with the EDX results. These
values are in the same range as the previously reported values for lead chalcogenide
aerogels synthesized by the addition of oxidizer. [108,109] The lack of saturation and the
steep increase of the isotherms in the high pressure region indicates the presence of
macropores (diameter >50 nm) and mesopores (2-50 nm). A maximum in the pore size
distributions is found at 11 nm and the presence of a broad distribution of macropores
can be deduced. This is congruent with the SEM images where very porous structures
have been observed and no characteristic pore size could be defined.
Figure 2.16.: Nitrogen physisorption isotherm of a PbSe aerogel and of a mixed
PbS/PbSe aerogel also showing a lack of saturation as indication for the
presence of macropores.
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2.2. Mixed metal-semiconductor aerogels from PbS and Au
The method presented above for the assembly of semiconductor quantum dots can also
be applied to mixed component systems containing Au nanoparticles to achieve mixed
metal-semiconductor aerogels. Although the gold nanoparticles do not behave in the
same way as the semiconductor particles, it is possible to generate mixed gels of differ-
ent compositions. The resulting structures have been characterized with respect to their
metal distribution. Seebeck coefficients for a mixed PbS/Au gel have been determined
to assess their possible application as thermoelectric materials.
2.2.1. Au nanoparticles for mixed metal-semiconductor aerogels
For the preparation of mixed PbS/Au gels Au nanoparticles† have been prepared using a
modified organic synthesis route based on reports in the literature. [119] The as-prepared
Au nanoparticles are spherically shaped with a diameter of 6.4 nm and very monodis-
perse as can be seen in the TEM image in Figure 2.17.
Figure 2.17.: (A) The TEM image shows spherical Au nanoparticles and (B) validates
the narrow size distribution of the presented nanoparticles.
2.2.2. Ligand exchange of Au nanoparticles and gelation into mixed
porous structures
The oleylamine (OlAm) capping the surface of the as-prepared metal particles is ex-
changed to MPA by the same procedure as described for the semiconductor quantum
dots (see Subsection 2.1.2 and Experimental section). Figure 2.18 (A) shows the UV/Vis
†Au nanoparticles have been synthesized by Danny Haubold.
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Figure 2.18.: (A) Absorbance spectra of Au nanoparticles before (in toluene) and after
(in H2O) ligand exchange with MPA showing no difference in the optical
properties. (B) FTIR spectra of Au nanoparticles with OlAm (before) and
with MPA (after) show the success of the ligand exchange.
spectra of the Au nanoparticles before and after the ligand exchange with MPA. The
maximum in the surface plasmon band of the as-prepared Au nanoparticles is located
at 528 nm. A small blue shift (4 nm) is observed for the phase transferred nanoparti-
cles that can be explained by the change of the refractive index of the solvent (1.49 to
1.33 at 589 nm). [120] No broadening of the plasmon band absorption can be observed,
which is a good indication that during the phase transfer no aggregation occurs. The
resulting colloidal solution of the gold nanoparticles in water is stable over months
without any visible changes or aggregation. To further prove the effectiveness of the
phase transfer fourier transform infrared spectroscopy (FTIR) measurements have also
been performed (Figure 2.18 (B)). For the Au nanoparticles before the ligand exchange
the characteristic bands at 3005 cm-1 for =CH and near 2900 cm-1 for the methyl and
ethyl stretching modes can be seen. Next to these characteristic bands the alkyl bending
mode at 1460 cm-1 can be seen. These observations are in a good agreement with that
expected from OlAm which is expected to cover the surface of the particles. The as-
sumption that the amine group is bound to the surface of the particles is supported by the
absence of the corresponding bands at near 3335 cm-1. However all the characteristic
CH-bands disappear after ligand exchange and at 1419 cm-1 the -CO stretching mode
appears. This change in the IR spectra after the ligand exchange and the solubility of
the nanoparticles in water are good indications for a successful surface modification of
the Au nanoparticles.
Metal-semiconductor mixed gel structures have been prepared using both the surface
modified PbS and Au nanoparticles and mixing them. As described in the previous sec-
tion no further initiators have been used. Using the same procedure tests for the forma-
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tion of pure Au gels have also been performed. These solutions have been observed to
be stable in the oven at 70 ◦C for several days without any aggregation. By comparison,
the PbS/Au solutions aggregated in the same time range as the semiconductor gels and
resulted in monolithic black hydrogels with clear and colorless supernatant. Although
the Au nanoparticles do not form gel structures the nanoparticles are destabilized in
the presence of PbS quantum dots or are entrained by the semiconductor quantum dots.
Aerogels and xerogels have been produced by drying the hydrogels under supercritical
or subcritical conditions.
2.2.3. Characterization of the composition, structure and thermoelectric
properties
The resulting monolithic hydrogels have been dried under supercritical and subcritical
conditions. Scanning electron microscopy (SEM) images of a resulting aerogel and xe-
rogel are shown in Figure 2.19. Significant differences in the porosity of the resulting
structures can be seen. These differences are caused by the different drying procedures
as already mentioned for the semiconductor gels. For the highly porous and fine struc-
tured PbS/Au-aerogel as well as for the less porous xerogel no apparent differences
compared to the semiconductor gels can be observed.
Figure 2.19.: SEM image of a PbS/Au aerogel and xerogel show the significant dif-
ferences in the porosity of the structure that are caused by the different
drying procedures.
In contrast to the similarity in the SEM images, there are significant differences vis-
ible in the TEM images (Figure 2.20). The initial PbS and Au nanoparticles used for
the gel formation were between 6-7 nm in size. In the TEM images elongated structures
with a thickness of between 10-20 nm are observed. Next to these structures both indi-
vidual and accumulations of small nanoparticles can also be observed. Due to the fact
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Figure 2.20.: TEM images at different magnifications showing the resulting structure
with different pore sizes and elongated shape of the PbS building blocks
of a PbS/Au aerogel and the unchanged Au nanoparticles which occur as
agglomerates.
that such particles were not observed for the semiconductor gels it is believed that these
are Au nanoparticles.
Further investigations into the content ratio of metal and semiconductor particles in
the resulting gel structures have been performed. The EDX results present the atomic
ratios on selected areas of 16x16 µm of the samples. In Table 2.3 the atomic ratios
recorded at different positions are shown. At first glance, the very uneven distribution
of Au in the sample can be seen. There are areas where almost no Au can be detected
as well as areas were Au is the dominating element. This agrees with the observation
based on the TEM images. The small particles that are expected to be Au nanoparti-
cles are very unevenly distributed within the structure. Due to the uneven distribution
of the metal nanoparticles in the gel structure the EDX values are not useful for the
determination of the semiconductor to metal ratio in the whole structure.
Therefore, inductively coupled plasma optical emission spectrometry (ICP-OES) was
performed. For the calculation of the initial Pb:Au ratio used for the gel preparation the
concentration of the initial solution was also determined by ICP-OES. As it can be seen
from Table 2.4 the Pb:Au ratio in the resulting gels is almost the same as that initially
used. Therefore it can be concluded that a complete gelation occurs and not only the
gelation of PbS quantum dots with a slight “contamination” by Au nanoparticles, as
could be expected. It has been also possible to vary the ratio of Pb and Au using different
ratios of nanoparticles in the initial mixture. The ratios are still reflected in the resulting
gels.
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Table 2.3.: Elemental composition of a PbS/Au aerogel at different positions as detected
by EDX showing the uneven distribution of Au nanoparticles within the
structure.
Position Pb-M [Atom%] S-K [Atom%] Au-M [Atom%]
1 45 54 1
2 52 40 8
3 49 39 13
4 39 30 32
5 24 12 64
Table 2.4.: Elemental compositions of the used solutions as well as of the resulting gel
structures as detected by ICP-OES showing the complete gelation of the
used particles within the structures.
Pb:Au ratio (used) Pb [mmol/l] Au [mmol/l] Pb:Au ratio (in gel)
1.7:1 0.385 0.237 1.6:1
5:1 0.972 0.239 4:1
15:1 0.453 0.030 15:1
Figure 2.21.: TEM images of a PbS/Au gel before (left) and after (right) EFTEM mea-
surements showing a change in the small aggregated particles. The sulfur
map (middle) generated by EFTEM measurements shows no sulfur for
the small particles in the highlighted areas.
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For a further insights into the semiconductor and metal contribution to the gel struc-
ture, energy-filtered TEM (EFTEM) investigations have been performed. This method is
especially suitable for light elements and in Figure 2.21 an EFTEM image correspond-
ing to the sulfur distribution in the sample is shown. The left image shows the TEM
image before the energy filtered measurements and the right image after the measure-
ments. In the lower left edge of the sulfur map the brightness can be seen to be lower.
This part of the image shows a higher contrast in the standard TEM images. This can
be due to a higher thickness of the sample in the area or due to the occurrence of Au
particles in this area. The highlighted areas present single smaller particles which are
considered as Au nanoparticles.
Figure 2.22.: TEM and EFTEM images are presenting a closer look on the highlighted
areas from Figure 2.21.
In Figure 2.22 a closer look at the highlighted area is presented. The smaller particles
that are expected to be Au particles cannot be observed in the sulfur map. This is a good
indication that these really are Au nanoparticles. Nevertheless this area shows no small
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particles after the EFTEM measurements. The small particles seem to have melted or
evaporated during the measurement. This raises the question of whether the particles
cannot be seen in the sulfur mapping because no gold is present or because they have
evaporated and therefore are no longer present. Hence, the assumption that the small
particles are Au nanoparticles is supported by the measurements. For further proof of
their existence an EDX Au map will be required.
Figure 2.23.: XRD spectra of the resulting aerogel structures show significantly nar-
rower reflections than for the used particles. For ease of comparison ref-
erence sticks for galena and gold are also plotted. For the mixed PbS/Au
aerogel no gold is observed in the reflections.
From the X-ray diffraction pattern in Figure 2.23 the crystalline structure present
within the gel included as are the diffraction patterns of the PbS and Au nanoparti-
cles. The resulting diffraction pattern of the mixed gel matches well with the reference
reflexes of galena but no reflexes for Au can be observed. For the X-ray diffraction
measurement a gel containing 4-5 times more lead than Au (see ICP-OES results in
Table 2.4) has been used. That could be the reason that only reflexes for galena can be
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observed. Nevertheless it has already been demonstrated by ICP-OES and EDX mea-
surements that the mixed structures contain gold.
Figure 2.24.: Seebeck coefficients of a p-type PbS/Au aerogel over a small tempera-
ture range show no general trend and are mainly dominated by the PbS
quantum dots.
In the literature lead chalcogenide nanoparticles are often discussed as promising ma-
terials for thermoelectric applications. [53,60,74,81,121–123] The utilization of this particles
is only possible in 3D arrays of these particles. Aerogels are well known for their poor
thermal conductivity and so the idea of combining the properties of nanoparticles and
the properties of aerogels is pertinent. During the gelation procedure ligands are re-
moved from the surface of the particles and the porous structure provides a further pore-
matter interface that will further scatter phonons and decrease the thermal conductivity.
In the literature this idea has been discussed recently [3,108] and first characterizations
have been undertaken. [107] Up to now it was not possible to contact the samples directly
in their porous form and therefore the aerogels were pressed to pellets. By this press-
ing procedure the porous structure is destroyed and so the characteristics of the structure
cannot be interrogated further. Nevertheless it is of great interest to characterize the ther-
moelectric properties of aerogels built from nanoparticles in their original shape. The
contacting of the porous, light and fragile structures is especially challenging. For the
determination of the Seebeck coefficient a homemade measurement setup at the Cardiff
School of Engineering has been used (see Experimental section for further informa-
tion). The aerogels have been contacted with two tips that can be moved very carefully
in all three spacial directions with the help of micrometer screws. With the help of this
method Seebeck coefficients for a mixed metal-semiconductor aerogel could be deter-
mined (Figure 2.24). Nevertheless it should be mentioned that the electrical resistance
of the sample is very high and the contacts are not perfectly fixed. Without applying any
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temperature difference a voltage difference of -1500 µV is observed, which is obviously
not a Seebeck voltage since there is no temperature difference. This offset-voltage may
then be subtracted. For the pure semiconductor aerogels it was not possible to determine
any Seebeck coefficient since their resistivity was even larger. The resulting values show
positive Seebeck coefficients and therefore indicate that holes are the majority charge
carrier in the system and the mixed PbS/Au aerogel has a p-type behavior. There is
no general trend observed for the behavior of the Seebeck coefficient with increasing
temperature but the temperature range employed for this measurement was very narrow.
This small temperature range is due to the limitation of the experimental setup. The
size range of the measured Seebeck coefficients is much higher than usual for metals
and in the same magnitude as those already measured for different lead chalcogenide
containing samples at room temperature regardless their dopant. [81,124,125] Hence, it can
be concluded that PbS is mainly dominating the Seebeck coefficient of the material as
may be expected due to the structural characterizations as previously presented. The
Seebeck coefficients for semiconductors differ a lot due to their different dopings or
sample geometries. The values measured here, being in the range of 100-200 µV/K,
are more towards the lower end of the usual range.
2.3. Conclusion and outlook
In this chapter a method by which gel structures from PbS and PbSe quantum dots
without the addition of any initiators such as oxidizers or incident radiation can be fab-
ricated has been demonstrated. The gelation process was observed by absorption spec-
troscopy and the time-consuming aggregation step could be greatly reduced by employ-
ing a slightly elevated temperature during gelation without any observable differences
in the resulting gel structure. The crystallite size is observed to increase during the gela-
tion process and the particles are directly linked together. While the mixed gels consist
of homogenously distributed PbS and PbSe nanoparticles it is not clear to what extent
they form an alloy. Nevertheless after either supercritical or subcritical drying, highly
porous to porous monolithic gel structures can be achieved. Due to the direct contact
between the particles and the porous structure of the monoliths the gels, especially those
of a mixed nature, will be of interest for thermoelectric applications. It was not possible
to characterize the semiconductor aerogels regarding their thermoelectric properties due
to their high electrical resistance. Therefore aerogels containing lead sulfide and gold
nanoparticles have been produced. Even though it has not been possible to generate
pure Au gels by this method mixed gels containing Au and PbS nanoparticles in dif-
ferent ratios could be produced. As has been seen for the pure semiconductor gels the
size of the PbS quantum dots increases and elongated particles are developed. The Au
nanoparticles do not change their size and shape. Within the porous structures the Au
nanoparticles are unevenly distributed. For these structures Seebeck coefficients near
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room temperature could be measured.
To achieve improvements on the first Seebeck measurements the setup needs to be up-
graded for measurements across a larger temperature range. To reduce the electrical re-
sistivity it should be checked if it is possible to increase the electrical conductivity of the
gels by gentle heating under inert gas. Also a uniform distribution of the Au nanopar-
ticles within the porous structure should result in an optimization in the conductivity.
Therefore it will be necessary to gain more control over the gelation procedure of the
mixed metal-semiconductor gels.
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Quantum dot solids
Solids prepared from nanocrystalline building blocks provide opportunities for optimiz-
ing properties of materials and for observing new collective phenomena. The impor-
tance of these 3D assemblies and the great opportunities they offer was recognized as
early as 1996. [126] Historically Bentzon et al. [127] first observed superstructures of iron
oxide nanoparticles but the description by Murray et al. [128] in 1995 really started to
establish the assembly of nanoparticles into solids in the research of nanostructures. In
general the terms colloidal crystal or quantum dot solid are not a new invention and often
used for ordered 3D collections of nanoparticles or quantum dots. Nevertheless there is
no standard definition for these terms and they can be used for all possible architectures
that are created from QDs as building blocks. The use of the term quantum dot solid
in this chapter does not infer any ordering of the nanoparticles but instead is generally
used to describe the nanostructured solids prepared from quantum dot building blocks
by compacting them into 3D samples. It has been shown that the physical properties of
organizations of nanocrystals can be different from those of the isolated particles as a
result of interactions between the excitons, magnetic moments or surface plasmons of
individual nanoparticles. [16] Coupling of properties of semiconductor nanoparticles can
be related to Dexter excitation transfer and Förster resonance energy transfer (FRET).
Dexter excitation transfer requires an overlap of the wave functions of the nanoparti-
cles and is typically observed for small nanoparticles separated by short (<2 nm) spac-
ings. [129] The degree of electronic coupling decreases with increasing nanoparticle size.
FRET can occur in nanoparticle assemblies with longer interparticle distances (2-10 nm)
as a result of long-range dipole-dipole interactions between the nanoparticles. [16,130]
FRET occurs primarily between nanoparticles with significant differences in bandgap
energies. The interparticle distance of the PbS QDs used in these studies is approxi-
mately 2 nm or less and FRET will not account for the possible electronic coupling in
the prepared quantum dot solids. In addition to the core quantum dot materials that are
used for the formation of the QD solid the organic surface capping molecules also have
a significant impact on the properties of the resulting quantum dot assemblies, espe-
cially on the electron transport within such QD solids. Different surface modification
strategies offer further possibilities for the design of QD solids with different collective
properties as suggested in 1996 by Alivisatos. [126] He mentioned that the strength of
the electronic coupling between adjacent dots could be tuned by the variation of the
organic molecules that are passivating the QD surface. The electronic coupling between
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the individual NCs can then lead to new collective properties such as spin-dependent
electron transport, [131] enhanced p-type conductivity [132] and variable range electron
hoping [133] in 2D and 3D superstructures. In this chapter a yield optimized synthesis of
PbS is presented. The ligands used in the synthesis to control the size and the shape of
the resulting particles act as an insulating layer. Therefore different surface modifica-
tion strategies are introduced to overcome this problem and to increase the conductivity
of the resulting quantum dot solids. For the production of these solids two compaction
methods are presented and compared. In the last part of this chapter the quantum dot
solids are characterized due to their potential application as thermoelectric materials.
3.1. Optimized PbS quantum dot synthesis∗
For the preparation of pressed samples consisting of quantum dots, syntheses with high
yields are required. Depending on the size and the shape of the dye used for the pressing
a minimum amount of about 100 mg of quantum dots per pressing is needed. Although
usually only far less than 100 mg can be produced by the hot injection method this
means has been chosen for the synthesis of the PbS quantum dots. The separation of the
nucleation and the growth of the quantum dots leads to a reasonable size distribution
and the resulting quantum dots are crystalline and of uniform shape. To evaluate the
improvement of the syntheses with respect to their yield two different possibilities have
been used. A fast and easy method is the weighing of the dried and cleaned nanoparti-
cles. With this method it is possible to compare different synthesis quickly but it must
be noted that the presence of the ligands and the quality of the clean up procedure can
influence the results significantly. Another possibility to evaluate the syntheses is the
calculation of the particle size and concentration using absorption measurements. In
2006 Cademartiri et al. [115] published a detailed study on the transition energies and
extinction coefficients of PbS quantum dots in a size range between 4 and 7 nm. By
using highly monodisperse samples and characterizing them via XRD, HR-TEM, ICP-
AES and NIR spectroscopy they finally obtained a correlation between the extinction
coefficient (∈) and the size of the particles (3.1).
∈= 19600 · r2.32 (3.1)
The concentration of the sample can be calculated with the help of Lambert Beer‘s
law. However for the determination of the extinction coefficient the size of the QDs is
also required. Cademartiri et al. [115] have derived equations for the determination of the
particle size from any one of five different energy transitions.
∗The optimization of the synthesis was carried out as part of the diploma thesis written by the author in
2009.
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For the size calculations in this work the first transition has been used and therefore
the following equation is required:
E0 = 0.41+
0.96
r2
+
0.85
r
(3.2)
With the help of the concentration and the particle size and under the assumption that
all particles are spherically shaped the yield of the synthesis can be determined. The val-
ues obtained were not used as absolute values but only for comparison among the var-
ious syntheses even though in the publication an error of less than 10 % is determined.
Starting from a synthesis procedure published by Nagel et al. [20] an optimized synthesis
for highly monodisperse PbS quantum dots with a high yield has been developed. The
hot injection method used for the preparation of the quantum dots offers a wide variety
of parameters that can affect the synthesis result. The kind of ligand used for the syn-
thesis will affect the result of the synthesis as well as the ratio of ligand to precursor. By
choosing different precursors with different reactivities the nucleation event is especially
influenced. For example bis(trimethylsilyl)sulfide can react with lead acetate at room
temperature and will react very quickly at higher temperatures while sulfur dissolved in
TOP needs relatively high temperatures and reacts much slower. The nucleation event
is the most important step during the whole synthesis and therefore all parameters influ-
encing this step will particularly affect the resulting quantum dots. But not only will the
kind of chemical precursors used affect the size and shape of the particles but so also
will parameters such as injection temperature, growing temperature and growing time
be crucial to adjust the size of the quantum dots. For the synthesis of monodisperse and
crystalline quantum dots in large amounts of lead oleate has been prepared from lead ac-
etate, oleic acid, trioctylphosphine and diphenylether under Schlenk-line conditions. As
sulfur source a mixture of thioacetemide and bis(trimethylsilyl)sulfide (56:44) is used.
Figure 3.1.: Structures of the used sulfur precursor are presenting the different bonding
situations of the sulfur that cause the different reactivities.
Thioacetemide is less reactive than bis(trimethylsilyl)sulfide due to the different bond-
ing situation (Figure 3.1). The binding energy of the double bond between carbon and
sulfur is about 377 kJ/mol [134] and thereby higher than the binding energy between sul-
fur and silicon (226 kJ/mol). [135] The highly reactive bis(trimethylsilyl)sulfide leads to
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a large number of nuclei. This can also be seen during the synthesis. The color of the
precursor solution changed immediately to black in contrast to the synthesis without
bis(trimethylsilyl)sulfide, where the color change is significantly slower. For a standard
procedure an injection temperature of 150 ◦C is used and this temperature is maintained
for ten minutes during the particle growth. Detailed descriptions of the synthesis and
cleaning-up procedures can be found in the Experimental section. The resulting parti-
cles are spherical (Figure 3.2 (A)) and crystalline (see Figure 3.9). In Figure 3.2 (B)
the absorbance of the quantum dots is shown in comparison to the results of the initial
synthesis. The yield is significantly increased by the usage of the two sulfur precur-
sors to an average yield of 200-300 mg. The absorbance spectra are recorded from the
same volume of synthesis product and can therefore be used to compare the different
amounts of PbS quantum dots. A significant increase can be seen for the synthesis with
the two sulfur precursor. The size distribution is 6.7 % and the resulting particles are
a bit smaller than the particles from the initial synthesis. This can be explained by the
formation of a higher amount of nuclei and the smaller amount of material that is left
for the growth of the particles.
Figure 3.2.: (A) TEM image of PbS quantum dots synthesized by the optimized synthe-
sis using TA and (TMSi)2S (B) absorbance spectra of the PbS quantum dots
in TCE compared to the initial synthesis using only TA as sulfur precursor.
Even though all other synthesis parameters are the same the quantum dots
are smaller due to the higher reactivity of (TMSi)2S compared to TA.
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3.2. Surface modification strategies for improved electrical
conductivity
After the hot injection synthesis the quantum dots are capped with long chained mole-
cules such as oleic acid. These ligands are necessary for the control of the particle
growth and shape during the synthesis and have a major influence on the properties of
the resulting particles. For example for good optical quality materials, such as single
exponential emission lifetime profiles and high quantum yields, a saturated surface is
necessary. In addition, the ligands are largely responsible for the solubility of the par-
ticles. But the high molecular weight organic stabilizers can often be responsible for
a number of undesirable effects on the properties and/or a lack of functionality of the
particles. They can for example negatively influence the conductivity or the catalytic ac-
tivity of the quantum dots and therefore reduce the benefits of nano-structuring. These
disadvantages can be overcome by specific surface functionalization. It is possible to
burn off the organic stabilizers post-synthesis but usually very high temperatures above
500 ◦C are necessary in order to achieve this. [1] This can lead either to melting and ag-
glomeration of the quantum dots or residues of the ligands remaining that can lead to
a non-conductive layer in between the particles. In Figure 3.3 the thermogravimetric
measurement of the as-synthesized PbS quantum dots is shown. In contrast to the high
temperature mentioned by Goesmann et al. [1] it can be seen that the mass loss appears
at less than 500 ◦C. This loss in mass occurs between 250 up to 450 ◦C as a two-step
process. It can be seen that only 75 % of the mass of the nanoparticulate materials is
from the lead sulfide and 25 % is from the ligands on the surface. Assuming that all QDs
are spherical and possess a diameter of 5 nm, the amount of oleic acid ligand calculated
is 353 molecules per particle. This results in a ligand surface density of 4.5 ligands per
nm2 which is in the same range as has previously been experimentally determined for
PbS and PbSe QDs. [136]
For ease of comparison the inset displays the TGA data for the decomposition of oleic
acid under inert atmosphere and only one process can be identified. For the synthesis of
the PbS QDs, in addition to oleic acid, TOP is used as surfactant. The role of TOP in the
synthesis of lead chalcogenide quantum dots has been discussed in the literature [137,138]
and it is expected that the use of TOP is only necessary during the synthesis but TOP
does not passivate the surface of the resulting quantum dots. [139] TOP is expected to
bind to sulfur at the surface of the quantum dots when acting as a ligand [20,140] but, due
to the excess of lead used in the synthesis, the QDs are expected to be surrounded by a
lead shell. [118] This also fits well with the results of EDX measurements of the quantum
dots presented in Table 2.1. Due to the two-step mass loss it might be supposed that
both oleic acid and TOP are on the surface of the QDs, however, this two-step mass loss
has also be seen for QDs synthesized without the presence of TOP. This difference with
respect to the decomposition of pure oleic acid can be explained by additional forces
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Figure 3.3.: TGA of the as-synthesized PbS QDs capped by oleic acid performed under
inert atmosphere. The inset shows the TGA of pure oleic acid. The re-
quired temperature for the thermal treatment is higher for oleic acid bound
to the nanoparticle surface.
which must be overcome due to the binding of the ligands on the surface of the quantum
dots. While it is expected that the quantum dots are passivated only by oleic acid after
the synthesis at this stage no reliable statement can be made about the presence of TOP
on the surface of the QDs. This question could be better resolved with the aid of NMR
investigations, but this was not done within this work.
Assemblies of as-synthesized nanoparticles are known to be less conductive due to
the insulating ligands used in hot injection approaches. Therefore surface modification
of the nanoparticles is required. Three different surface modification strategies can be
implemented (Figure 3.4). The easiest way would be the direct removal of the ligands by
washing or thermal treatment. If the thermal decomposition of the ligands takes place at
relatively high temperatures there is the risk that the nanoparticles are sintered together
and the nanostructuring of the sample lost, as has been shown to be the situation for
oleate capped PbSe nanoparticles. [141] In the present case, it is necessary to exchange
the ligand against one that decomposes at lower temperatures [142] to avoid sintering and
the production of residual insulating layers . Hence it is better to use ligands with a
relatively low carbon content or to carry out the thermal treatment under a reactive at-
mosphere. However complete removal of the ligands is difficult and can create charge
trapping centers and dangling bonds at the surface of the nanoparticles. The resulting
trapping centers can also reduce the conductivity of the quantum dot solids. [143] Fur-
thermore nanoparticles with naked surfaces will be less robust during compaction into
quantum dot solids. Another possible way to achieve surface modification with an in-
creased conductivity is the use of shorter chained ligands that minimize the interparticle
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Figure 3.4.: Schematic representation of different possibilities for the surface modifi-
cation of QDs to reduce the resistivity which is caused by the isolating
long-chained ligand used for the QD synthesis.
distance. By reducing the distance the probability of transfer processes, like tunneling
or activated hopping, increases and the conductivity rises. [143–146] Methylene groups are
considered to act as insulators but Brust et al. have shown that transitions can take place
when the interparticle distance is reduced to ≤0.5 nm. [147] The third potential way for
reducing the resistivity by surface modification is by the usage of conductive ligands
that can be bound to the surface of the quantum dots. Unfortunately this appears at first
glance to be easier than it is in reality. Ligands have to be found that have energy levels
that match with the energy levels of the conduction bands of the quantum dots, where
the position is dependent on the size of the quantum dots. Therefore no general-purpose
solution can be found by this strategy and individual solutions for each material and ev-
ery particle size appear non-trivial and thus not efficient. Especially conjugated bonds
are expected be crucial for through-bond conduction. [148,149] Also by using crosslink-
ing ligands the conductivity can be significantly increased. [46,150,151] Recently metal
chalcogenide clusters have been introduced as capping agents for nanoparticles acting
as "electronic glue" and providing a highly conductive nanoparticle assembly. [152–154]
Nevertheless the presence of foreign metal ions close to nanoparticle surface could af-
fect the chemical and physical properties of the nanoparticles. [155] In general the dif-
ferent surface modifications cannot be easily categorized simply into one of the above
strategies. In the literature most surface modifications have been carried out as post-
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deposition process, however for the 3D quantum dot solids produced in this work the
nanoparticles were treated before pressing to avoid the possibility that the treatment
takes place only at the surface of the bars and to prevent the formation of macroscopic
cracks due to the changed interparticle distance.
3.2.1. Ligand removal
Films of PbSe nanoparticles capped with OlA show very low conductivity. In 2005
Talapin et al. [58] published that treatment with hydrazine increases the conductivity by
ten orders of magnitude. Hydrazine is a Brönsted base that can remove the oleate from
the nanoparticle surface and thereby reduce the interparticle spacing. It also contains
lone pairs of electrons that can saturate dangling bonds at the nanoparticle surface. [156]
Additionally hydrazine acts as an n-type dopant [157] and as a reducing agent and can
prevent oxidation within the resulting quantum dot solid. Despite all of the advantages
of hydrazine, it is also a very toxic and explosive chemical that fumes in air. In Germany
it is usually available as hydrazine hydrate and must be dried with sodium hydroxide
and subsequently distilled to achieve pure hydrazine. It is also possible to use hydrazine
hydrate for the removal of ligands since it can be handled under ambient conditions
in a fume hood. An alternative to using hydrazine for ligand removal is a mixture of
ammonia solved methanol which is a simple, less toxic and low cost substitute. [81,158]
As can be seen from the TGA data in Figure 3.5 (A) a large portion of the ligands can
be removed by both approaches. Therefore the mass loss within the thermal treatment
is 15 % less than for the initial quantum dots. This is a slightly larger amount of ligand
than can be removed by a hydrazine hydrate treatment. But the partial removal of the
ligands also offers a naked surface and this leads to more aggregation or growth during
the pressing procedure than for ligand exchanged samples as it can be seen from the
TEM image in Figure 3.5 (B).
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Figure 3.5.: (A) TGA of PbS QDs with their ligands removed by hydrazine hydrate
or ammonia containing methanol in comparison to untreated QDs which
show a significantly smaller mass loss. (B) TEM image of ligand removed
PbS QDs shows significant aggregation of the QDs.
3.2.2. Tetrazole
For the thermal removal of ligands from the surface tetrazoles offer a promising pos-
sibility. Their application as ligand for nanoparticles has been recently published by
Lesnyak et al. [6,101,102] They can be thermally decomposed at relatively low tempera-
tures and no residues remain on the particle surface due to the formation of gaseous only
products during the decomposition.
Therefore PbS QDs have been ligand exchanged with 1-phenyl-1H-tetrazol-5-thiol.
The thiol group has a high affinity for the QD surface and therefore it can easy displace
the OlA. As can be clearly seen from the FTIR data in Figure 3.6 the ligand exchange has
been effective. The significant bands at 3005 cm-1 and around 2900 cm-1 corresponding
to =CH and -CH- stretching modes of the OlA on the as-synthesized quantum dots
cannot be observed after the ligand exchange. The almost complete disappearance of the
ethyl and the methyl modes further indicate the success of the surface modification. In
the ligand exchanged sample at 3054 cm-1 a CH-stretching mode indicative of aromatic
compounds can be observed as well as the C=C stretching at 1496 cm-1 and the in-
plane C-H bending at 1012 cm-1. The out-of-plane C-H bending observed at 752 cm-1
is characteristic for the monosubstitution of aromatic compounds. Characteristic bands
due to the five-membered ring of the tetrazole at 1594 cm-1, 1275 cm-1, 1226 cm-1 and
1102 cm-1 can also be identified. The stretching mode at 681 cm-1 corresponds to the
C-S bond of the thiol group. The results from the thermal treatment in the TGA under
inert atmosphere are presented in Figure 3.6 (B). The decomposition of the tetrazoles
occurs abruptly. As previously described for the OlA the decomposition temperature
is slightly higher for the ligands attached to the nanoparticle surface than for the pure
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Figure 3.6.: (A) FTIR spectra of PbS QDs with OlA and after exchange for tetrazole
show a successful ligand exchange. For ease of comparison an FTIR spec-
trum of the pure tetrazole is also presented. (B) TGA of the tetrazole
capped PbS QDs performed under inert atmosphere. The inset shows the
TGA of the pure tetrazole with a suddenly occurring mass loss.
tetrazole, which is presented in the inset. Nevertheless the results show that the tetrazole
as used can be removed by a mild thermal treatment at 215 ◦C.
3.2.3. Mercaptopropionic acid
Mercaptopropionic acid has been used in a further surface modification of the quantum
dots before using them to prepare quantum dot solids. For further details and character-
izations see Chapter 2 and the Experimental Section.
3.2.4. Short chained acids and diacids
In 2010 Zarghami et al. presented the use of short chained acids for the preparation
of lead chalcogenide quantum dot films with field effect hole mobilities as high as
4·10-2 cm2V-1s-1. [159] Long time measurements also show that oxidation of the films
occurs much more gradually than for usual thiol capped films.
The OlA is replaced either by oxalic acid (OA), formic acid (FA) or acetic acid (AA).
It is probable that the oleate is protonated by the short-chain acids which leads to a
desorption of the OlA and adsorption of the carboxylate. [159] The resulting nanoparticle
powders show significant differences in their color and densities as can be seen from the
photographic inset in Figure 3.7 (B). The oxalate capped nanoparticles appear brown
and have a very low density. In contrast, acetate capped nanoparticles appear black and
slightly metallic and have a significantly higher density. This difference leads also to a
problem in pressing QD solids of oxalate capped particles. Due to the low density only
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Figure 3.7.: (A) FTIR spectra of PbS QDs with OlA and after exchange for OA, FA
and AA showing the success of the ligand exchange. (B) TGA of the acid
capped PbS QDs performed under inert atmosphere. The inset shows dried
powders of the ligand exchanged quantum dots to provide an impression
of the different densities of the samples.
a relatively small amount of material can be loaded into the dye and the resulting bar is
very thin and easily destroyed during removal from the dye. In order to monitor the lig-
and exchange FTIR measurements have been performed (Figure 3.7 (A)). The absence
of the carbonyl stretching near 1700 cm-1 and the hydroxyl mode near 3000 cm-1 indi-
cates that the acids are completely deprotonated. In the ligand exchanged samples (OA,
FA, AA) strong signals for νas(COO) and νs(COO) near 1500 cm-1 and near 1300 cm-1
respectively appear. The particles are no longer soluble after the treatment, neither in
polar nor apolar solvents. The TGA results presented in Figure 3.7 (B) show that for-
mate can be removed from the surface at around 200 ◦C which is a significantly lower
removal temperature than is required for the removal of either oxalate or acetate anions.
3.3. Compaction of quantum dots: sintering vs. pressing
To achieve solids prepared from quantum dots as building block, different strategies are
possible. For the preparation of ordered or uniformly oriented quantum dots within a
solid, so-called mesocrystals should be prepared via self-assembly of the quantum dots.
To achieve unordered or randomly oriented quantum dots within the solid simply press-
ing them is all that is required to achieve a solid. A point that should be considered
in the choice of the pressing procedure is that the nano-structuring is maintained due
to the fact that most properties of quantum dots are size dependent, for example the
melting temperature is much lower in PbS nanoparticles than for bulk PbS. Hence, such
effects need to be taken into account when choosing a pressing procedure and the right
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Figure 3.8.: Schematic representation of the SPS system. The sample (4) is placed
between two punches (3) in a sintering dye (5) and a pulsed direct current
is applied via the conductive punch electrodes (1& 2). The hydraulic press
acts uniaxial on the sample, wherein the upper punch (1) is stationary.
conditions for the pressing. Spark Plasma Sintering (SPS) is a pressure based sinter-
ing method that is mainly carried out by the application of a pulsed direct current. This
method is similar to conventional methods but enables sintering at low temperatures and
with short holding times and results in samples with higher density, smaller grain size
and cleaner grain boundaries. [160] This is achieved by using an electrically conductive
die that enables a pulsed direct current to pass through the sample instead of apply-
ing external heating. Thereby the sample is heated at the same time from outside and
inside but it should be noted that the temperature distribution is dependent on the elec-
trical conductivity of the sintered material. [161] By using SPS the grain growth during
the compaction should be minimized compared to conventional hot pressing methods
and therefore it has already been used to achieve compact samples from nanoparticu-
late powders. [72,77,78,162,163] In Figure 3.8 a schematic illustration of the SPS system is
shown. The complete set-up was located inside a glovebox to carry out the sintering in
order to avoid oxidation processes.
Advantages of using SPS as the sintering method are for example improved bonding
quality, improved thermoelectric properties, and reduced impurity segregation at grain
boundaries. [160] Explanations of what really happens to the material during the sintering
procedure fall short of scientific adequacy. Often the development of a plasma is men-
tioned without any proof or justification. [160,164,165] It is also shown that the application
of an electrical field has an effect on the processes within the sintered material. [160]
However, using this method dense and mechanically stable quantum dot solids could be
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Figure 3.9.: XRD spectra of the resulting PbS QD solid in comparison to the initial
QDs show a narrowing for the reflections of the QD solid due to the grain
growth during the pressing. For ease of comparison the reference sticks for
galena are also plotted.
achieved. The resulting bars possess a density of 3.1 g/cm3 which is 50 % of the density
of bulk PbS i.e. a compression rate of 50 % is achieved.
In Figure 3.9 the X-ray diffraction pattern of the quantum dots before pressing and
the quantum dots which have been SPS pressed are presented. They demonstrate a good
match to that of the diffraction pattern of galena as may be seen by comparison with
the reference sticks. The peaks are broadened due to the nanometer sized crystalline
domains of the individual nanoparticles. The peaks of the quantum dot solid are less
broadened due to grain growth during the pressing. The average crystallite size calcu-
lated from the X-ray diffraction pattern of the quantum dot solid is 9 nm by applying
the Debye-Sherrer formula to the first eight reflexes of the diffraction pattern starting
from the left. This is a slight growth compared to the initial particles being 4 nm in size.
The pressed quantum dots are still crystalline but the relative intensities of the reflexes
are changed during the pressing. This can be due to a preferred growth direction for the
size increase of the particles or also due to preferential orientation of the quantum dots
during the pressing. It is also possible that stresses are induced by the applied pressure
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Figure 3.10.: (A) SEM image of a SPS pressed QD solid showing a compact sample
without any significant porosity. (B) The TEM image is presenting the
PbS QDs resuspended after the pressing. The QDs are still nanocrys-
talline but the size distribution is broadened (inset).
and current. Even though compact bars can be achieved by SPS pressing that are still
nanocrystalline the XRD results indicate a change of the material during the pressing.
From the SEM image in Figure 3.10 (A) it can be seen that the resulting bar is re-
ally compact and without any significant porosity. The TEM image (Figure 3.10 (B))
shows particles that have been resuspended after SPS pressing. Nanoparticles can still
be observed which show that the resulting bars are still nanostructured and that SPS is
a suitable method for achieving compact pressed samples whilst preserving the nanos-
tructuring during the compaction. The observed particles are in the same size range
as the initially used particles but the average size has increased by up to 8 nm. This is
almost the same size as calculated from the XRD data and therefore confirmation that a
relatively small growth occurs during compaction of the particles. The size distribution
is significantly broadened as can be seen from the inset.
In addition to the SPS pressing method an alternative way for the compression of
nanoparticulate powder into quantum dot solids has also been tested. For this, a hy-
draulic press is used. During the pressing using this method the particles are not heated
and compacted using only an applied pressure. Therefore, it is expected that the prop-
erties of the quantum dots are less influenced by this pressing procedure as compared to
SPS. A great advantage of the hydraulic cold pressing is the ease of use and availability
of the press. Surprisingly, the same compression rate could be achieved by this method
as was achieved for the SPS samples. Doubling the pressure during the compression
does not lead to any significant increase in compaction of the sample.
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Figure 3.11.: (A) SEM image of a cold hydraulic pressed compact QD solid . (B) XRD
spectra of the resulting PbS QD solid from which a resulting grain size of
6 nm was determined.
The SEM image in Figure 3.11 (A) shows the compacted sample. As for the SPS
pressed bar before no porosity can be observed. The average crystallite size calculated
from the X-ray diffraction pattern of the quantum dot solid presented in Figure 3.11 (B)
is 6 nm. This means that the size of the particles also increases slightly by cold pressing
but the increase is smaller than for the SPS pressed samples. It should also be mentioned
that the size calculated by applying the Debye-Scherrer formula to one or more reflexes
of the measured diffractogram strongly depends on the data processing. By choosing
different conditions in this case the resulting size could be determined to lie between
5-7 nm.
To achieve further surface modification of the quantum dots the particles can be
heated before the pressing or the pressed bar can be heated. The pressed samples were
directly heated in order to achieve a direct comparison between the conductivity before
and the conductivity after the removal of the ligands by heat. Cracking of the samples
is avoided by applying a slow heating rate. Nevertheless the sample becomes slightly
porous because of escaping gases during the heating as it can be seen from the SEM
image in Figure 3.12 (A). The amount of pores arising by heating the pressed bars de-
pends on the ligands that are used to passivate the quantum dots. Therefore the distance
between the particles has not or has only slightly decreased. The particle size after the
heating of an SPS pressed bar is determined to be about 10 nm (Figure 3.12 (B)). This
indicates that the chosen temperature for the heating triggers little or almost no particle
growth. The temperature employed for heating is chosen depending on the TGA results
presented in the surface modification part of this chapter. In Figure 3.13 TGA data for
the thermal treatment of a QD solid are presented. As can be seen from the profile of the
2nd run all ligands are destroyed by the first run of the thermal treatment and no further
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Figure 3.12.: (A) SEM image of a PbS QD solid heated after pressing shows that pores
and cracks appear due to escaping gases. (B) TEM image showing the
PbS QDs resuspended after the heat treatment of the QD solid. (C) and
(D) SEM images of a PbS QD solid prepared from QDs that are heated
before compaction showing compact samples with a compression rate of
up to 70 %.
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Figure 3.13.: TGA profile of a QD solid showing the complete removal of the ligands
during the thermal treatment. No further changes occur during the 2nd
run. The thermal treatments are performed under nitrogen atmosphere.
When the procedure is carried out under air oxidation occurs starting at
250 ◦C.
changes occur by the application of a 2nd treatment. This is crucial to achieve temper-
ature stable samples for thermoelectric characterizations at higher temperatures. It is
also necessary to use an inert atmosphere for the thermal treatment to avoid oxidation
effects that start at around 250 ◦C.
By using previously heated nanoparticles a higher compression rate can be achieved
by the utilization of the same parameters for the pressing as formerly. SEM images in
Figure 3.12 (C) and (D) show no significant porosity of these samples and compression
rates of up to 70 % could be achieved. This value demonstrates a significantly closer
packing of the quantum dots which is possibly due to the removal of the ligands. Nev-
ertheless the particles are unlikely to be in direct contact as due to the heating in inert
atmosphere carbon from the ligands can remain on the surface. The amount of residues
also depends on the ligands used and will affect the electrical conductivity of the pressed
bars.
3.4. Conductivity and thermoelectric characterization
The main aim of preparing quantum dot solids from PbS quantum dots and for their
subsequent surface modification is their characterization with respect to their possible
application as thermoelectric materials. Therefore a good electrical conductivity is re-
quired combined with poor thermal conductivity. For implementation of a pre-selection
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of useful samples or modification strategies impedance measurements have been per-
formed.
3.4.1. Impedance spectroscopy†
Standard laboratory multimeters are able to measure resistances up to 40 MΩ. For
quantum dot solids without any treatment or surface modification higher resistances
are expected. Therefore impedance measurements have been performed. Impedance
spectroscopy is based on the simultaneous measurement of the influence on the phase
and amplitude of an AC voltage by the sample. The AC potential can be described by
following relationship.
u(t) = uac · sin(2ωt) (3.3)
The responding current caused by the potential is given by
i(t) = iac · sin(2ωt+Φ) (3.4)
where Φ represents any phase difference between the phase angle of the voltage (Φu)
and the phase angle of the current (Φi), ω is the angular frequency and uac and iac are
the maximal amplitudes.
Φ=Φu−Φi (3.5)
Figure 3.14.: Exemplary Bode plot of a PbS QD solid is showing the typical trend of
the impedance (black) and the phase (red) over the measured frequency
range.
†Theoretical knowledge as an introduction to the method is taken from various textbooks. [166–170]
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Figure 3.14 presents an exemplary Bode diagram measured for the quantum dot
solids. In the range of the low frequencies the phase shift is approximately zero and
the impedance is constant without any frequency dependency. At higher frequencies
the impedance is decreasing with increasing frequencies and the phase shift is approxi-
mately 90◦. It is usual to represent the impedance measurements in terms of an equiv-
alent electrical circuit that comprises a combination of resistances and capacitances for
interpretation. The impedance of an electrical circuit can be defined by
Z( f ) =
u(t)
i(t)
= Z
′
+Z
′′
(3.6)
where Z’ is the impedance of the real part and Z” is the impedance of the imaginary
part. The impedance of a pure resistor resulting from equation 3.7 is purely real without
an imaginary part as it is shown in the following equation. The phase shift is zero.
Zresistor = R (3.7)
For a capacitor equation 3.8 yields only a frequency dependent imaginary part and a
phase shift of −pi/2. C is the capacitance and j the imaginary unit of complex number.
Zcapacitor =− 1jωC (3.8)
The impedances of these electrical elements are used to construct the impedance re-
sponse of circuits. There are also other circuit components possible but these are not
necessary in the modeling of this case. For two passive circuit elements in series the
impedance is additive. For two components in parallel the overall current is the sum
of the current flowing in each element and the potential difference is the same in each
component. Hence the inverse of the impedance is additive for elements in parallel.
Z =
[
1
Z1
+
1
Z2
]−1
(3.9)
Figure 3.15.: RC circuit and the corresponding Bode plots with R=1000Ω and C=1 µF.
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In Figure 3.15 an equivalent circuit that is in good agreement with the measured
data is presented. This equivalent circuit is congruent with the equivalent circuit that
has already been determined for 2D arrays of weakly coupled metal nanoparticles. [146]
Since the impedance acts like an ohmic resistor at low frequencies it can be defined
as resistance. This value is used as determination of the resistance of the sample. In
Table 3.1 the resulting resistances of PbS quantum dot solids with different surface
modifications are presented. For ease of comparison the compression rates and details
of the heat treatment are also shown.
Table 3.1.: Overview of the characterized samples with different surface treatments
showing the compression rate and the resistance before and after heat treat-
ment of the QD solids. A significant improvement in the resistivity is gen-
erally achieved by heating the samples in inert atmosphere.
Compression
rate Resistance
Heating
up to Mass loss
Resistance
after TGA
PbS pressed
“as synthezised” 41 % 2 GΩ
PbS pressed
after
MeOH/NH3
48.5 % 2 GΩ 525 ◦C 15.6 % 3.5 kΩ
PbS pressed
with MPA 53 % 1 GΩ 250
◦C 13.44 % 7.7 kΩ
PbS with MPA
(no SPS) 55 % 1 GΩ 250
◦C 12.93 % 9.6 kΩ
PbS with
Tetrazole
(no SPS)
53 % 1.6 GΩ 215 ◦C 11.63 % destroyed
by heating
PbS pressed
with MPA after
TGA (no SPS)
67 %
4.3-7.7
kΩ
It can be seen from the results of the impedance measurements in Table 3.1 that the
initial sample as well as the ligand exchanged ones are quite insulating. By heat treat-
ment this resistance can be reduced by six orders of magnitude to several kΩ. Through
using heated nanoparticles for the compaction the compression rate can be increased.
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This does not influence the resulting resistance of the quantum dot solid compared to
the same sample heated after the compaction. Nevertheless the mechanical stability is
much higher for samples heated before pressing. In general it could be shown that heat
treatment of the QDs or the already prepared QD solids is an effective way to decrease
the resistance of the samples significantly.
3.4.2. Seebeck coefficient and resistivity measurements
For the characterization of the Seebeck coefficient and the resistivity of the QD solids
a home-built setup at the Cardiff School of Engineering has been used. Further details
can be found in the Experimental Section. The QD solids have been contacted with
two copper probes for the determination of the Seebeck coefficient wherein one of the
probes can be heated. For the resistivity measurements the solids have been contacted by
four copper probes at the edge of the surface to perform a van der Pauw measurement.
Although this measurement is developed for thin films of arbitrary shape the QD solid
fulfill all given requirements: [171,172]
(1) The contacts are at the circumference of the sample.
(2) The contacts are sufficiently small.
(3) The sample is homogeneous in thickness.
(4) The sample does not have isolated holes.
Therefore a sheet resistance was measured and by using the known thickness of the
sample a resistivity was calculated. From the results presented in Table 3.2 it can be seen
that the resistivity is significantly decreased by heat treatment of the solids. The heat
treatment results in lower resistivities when shorter ligands such as MPA are bound to
the surface of the nanoparticles. The differences in the resistivities for samples modified
with MPA and heated before or after pressing are a little surprising. It is to be expected
that a lower resistivity is achieved by heating the particles before the pressing due to a
higher compaction of the sample and smaller distances between the nanoparticles. That
this is not the case can be an effect of oxidation of the surface of the heated quantum dots
before the pressing is performed. The Seebeck coefficients are p-type just as the Seebeck
coefficients measured for the previous porous samples. The Seebeck coefficients are
improved by the presence of nanostructuring as compared to Seebeck coefficients of
pristine PbS samples, which were prepared by vapor transport and Bridgman growth
and determined to be 250 µV/K. [124] Similar Seebeck coefficients for nanostructured
PbTe samples have been recently reported by Scheele et al. [81] In the present study
large Seebeck coefficients are shown avoiding the use of less abundant and therefore
more expensive tellurium. It is expected that this Seebeck coefficient can be improved
by doping of the semiconductors as already shown for example for Ag doped PbTe [173]
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or antimony doped Bi2Te3. [174] Nevertheless due to the still relatively low conductivity
the power factors (S2σ ) of the samples are quite low. Therefore it is still crucial to
reduce the resistivity to achieve an efficient material for thermoelectric applications.
Table 3.2.: Seebeck coefficients, resistivities and the corresponding power factors for
differently treated PbS QD solids.
Sample
Seebeck
coefficient
[µV/K]
Resistivity
[Ωm]
Power factor
[nW/K2m]
PbS pressed with MPA 619.36 8.39 45.72
PbS pressed after MeOH/NH3
heated after pressing 366.42 4.90 27.40
PbS pressed with MPA (no
SPS, heated after pressing) 368.78 0.39 348.71
PbS with Tetrazole (no SPS,
heated after pressing) 474.45
PbS pressed with MPA after
TGA (no SPS) 627.26 1.68 234.20
3.4.3. Thermoelectric characterization
Steady-state measurements of thermal conductivity are especially difficult at higher tem-
peratures because of the rapidly rising radiation factor. Therefore thermal diffusivity
measurements are often preferred inplace of thermal conductivity measurements. The
thermal conductivity can be calculated from the thermal diffusivity (α) with the aid of
the density (ρ) and the specific heat capacity (Cp) by the following correlation:
κ = α ·Cp ·ρ (3.10)
Therefore additional measurements of the temperature dependent heat capacity are
required. In Figure 3.16 (A) thermal diffusivity measurements at temperatures between
0 ◦C and 250 ◦C of a quantum dot solid capped by acetic acid are presented. It can
be seen that the thermal diffusivity changes during the first run. Due to the relatively
high temperatures applied during measurement the ligands were partly destroyed and
therefore no reproducible results could be achieved within the first run. This can be
avoided by using a QD solid that has already been thermally treated.
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Figure 3.16.: (A) Thermal diffusivity measurements for a non-heated PbS QD solid
showing significant change between the measurements due to the heating
applied during the measurements. (B) While the thermal conductivity of
the sample is very low so too is the electrical conductivity.
In Figure 3.16 (B) the thermal conductivity as well as the resistivity of a similar
sample is shown for temperatures near room temperature and below. The resistivity is
decreasing with increasing temperature and the thermal conductivity is increasing as
expected. For ease of comparison the thermoelectric properties of the sample at room
temperature are presented in Table 3.3. For an effective thermoelectric material ZT
should be one or higher and hence it can be seen that for these samples the thermoelec-
tric figure of merit is quite low. Nevertheless the Seebeck coefficient is high and the
thermal conductivity is very low as is required for good thermoelectric materials. The
reason for the low thermoelectric figure of merit is the high resistivity of the sample.
These measurements should not be interpreted as representing a complete characteri-
zation of the PbS QD solids but rather they should be considered as an initial starting
point for further improvement and characterization possibilities. Nevertheless in most
cases the low conductivity is challenging for many characterization techniques and is
required to be increased if one is to achieve effective thermoelectric materials.
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Table 3.3.: Thermoelectric properties of a PbS QD solid at room temperature showing
a high thermopower and a low thermal conductivity. Nevertheless the ZT is
very low due to the high resistivity of the sample.
ZT 2·10-7
Seebeck coefficient [µV/K] 360
Thermal conductivity [W/(m K)] 1.8
Resistivity [Ωm] 105
3.5. Conclusion and outlook
QD solids have been prepared from PbS QDs and the synthesis of the PbS QDs im-
proved to achieve sufficient amounts of the PbS quantum dots. The compaction of the
QDs has been achieved either by SPS or by hydraulic pressing resulting in compact sam-
ples that are still nanostructured. While the grain growth of the SPS pressed samples is
significantly higher the same compression rate can be achieved by hydraulic pressing.
The compression rate can be increased by the usage of heated PbS QDs due to the de-
stroying of the ligands. The resulting QD solids behave like electrical insulators with
resistivities as high as 2 GΩ and therefore different strategies for surface modification
to achieve higher conductivities have been tested. It has been found to be crucial to
exchange the initial ligands by shorter ones that can be destroyed at lower temperatures.
By heat treatment the resistivity can be decreased by up to six orders of magnitude.
Samples surface modified with MPA and subsequently thermally treated show the best
results with respect to their thermopower and resistivity. Nevertheless the conductivity
of the QD solids is still too high to be an efficient thermoelectric material.
A large number of further optimization options are possible. As already mentioned
the use of cross-linking molecules, [46,150,151] metal chalcogenide complexes [152–154] or
short inorganic ligands [155] is conceivable. But not only does the surface modification
provide room for improvement but it will be also necessary to characterize the carrier
concentration and mobility of the QD solids. Knowledge concerning these properties
is crucial for further material optimization. The carrier concentration can be tuned by
purposeful doping and thereby the electrical conductivity can be increased. Usually an
increased carrier concentration also leads to a reduced thermopower. Another promis-
ing route is to improve the carrier mobility e.g. by reducing the carrier scattering. A
further possible strategy for improving the thermoelectric properties is introduced by
Dresselhaus et al. [106] By mixing different materials it is possible to reduce the thermal
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conductivity further due to an increased scattering of the phonons at the interfaces of the
different materials and a resulting blocking of the phonon conductivity. [175] Electrons
or holes will be scattered less at these interfaces and therefore the electrical conductiv-
ity is less affected than the thermal conductivity. Through theoretical considerations it
has been determined that it may be possible to achieve this effect through the usage of
mixed PbS and PbSe QDs . While it is necessary to find an optimal equilibrium of a high
thermopower, good electrical conductivity and low thermal conductivity to achieve ef-
fective thermoelectric materials, nevertheless the approach of compacting QDs into QD
solids to achieve improved thermoelectric materials can also be used to achieve further
knowledge about the effects of nanostructuring to thermoelectric properties. Presently
this does not constitute a suitable route for the production of industrially applicable im-
proved thermoelectric material as for the compaction huge amounts of nanoparticles are
required. The synthesis of these particles is complex and requires large amounts of ex-
pensive and sometimes toxic chemicals. Hence for practical applications other routes
such as the embedding of nanoparticles into a host material or the usage of mechanically
nanostructured material may be used. However, from the point of view of optimization,
these routes can benefit from a detailed understanding of the thermoelectric processes
in nanostructured materials and the directions within which the properties can be tuned
can be greatly assisted through the acquisition of this knowledge.
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PbS nanowires∗
The physical properties of nanostructures are influenced not only by their size but also
by their shape. [176–179] For instance for CdSe, nanorods show an improved electron
transport compared to spherical crystals. [180] Also an enhancement of MEG could be
observed for 1D structures due to larger Coulomb interactions in anisotropic systems
over isotropic structures. [42,181] In the past shape control of nanostructures was mainly
achieved by growth on a static template for example carbon nanotubes, porous alu-
mina or polymer media. [182–191] The preparation of free-standing nanowires is often
achieved via either vapor-liquid-solid growth, [192,193] or solution-liquid-solid phase cat-
alytic growth. [184,192,194,195] Interest in colloidal syntheses of nanowires has greatly in-
creased in the last decade. Surface free energy plays an important role in the determina-
tion of the shape of nanostructures. Due to the faceted nature of nanocrystals their shape
can be designed by the employment of surface ligand protecting groups, which energet-
ically favor particular surface facets. [136,196] Growth can be hindered in some directions
by the addition of ligands which strongly and selectively bind to particular surfaces. As
a result, shape control can be achieved by the addition these “surface-selective” ligands
to the reaction mixture. [176,197–201] In addition to ligands differences in the precursor
reactivity can also influence the shape of nanostructures. It has, for example, been
shown by Ruberu et al. that the aspect ratio of CdS nanorods can be influenced by the
addition of different phosphine precursors. [202] Lead chalcogenides in particular offer
great opportunities for further investigation of shape dependent properties. They pos-
sess large exciton Bohr radii, which offer systems with strong quantum confinement,
and they benefit from highly symmetrically shaped nanoparticle forms whose growth
is preferred during the synthesis. [203] For PbSe nanostructures it has been shown that
specific ligands, such as aliphatic primary amines, strongly bind to the {111} facets of
PbSe, leading to the formation of octahedral particles due to the growth of the {100}
facets. [204,205] The role of the amine in the synthesis is not absolutely clear but it likely
plays a role in hindering the growth in certain crystal directions. In contrast to the ki-
netics and mechanism in cadmium chalcogenide systems simply blocking one face over
another will not lead to anisotropic growth in the crystallographically isotropic lead
chalcogenide system. Further aspects of QD-QD interactions or ligand-ligand interac-
∗The results of this chapter were partly obtained within the framework of the bachelor thesis written by
B.Sc. Albrecht Benad under the mentoring of the author.
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tions will play a role. In general an important mechanism involved in the building of
anisotropic lead chalcogenide structures is called “oriented attachement”. [203] During
oriented attachment isotropic QDs are first formed and then fuse along a specific crys-
tallographic direction during the reaction. This has been investigated for Pt nanocrystals
in real time by Yuk et al. [206] Through the use of another selenide precursor that enables
slower reaction kinetics Koh et al. was able to investigate the formation of smaller
structures by TEM and absorption spectroscopy that are the building blocks for the
nanorod formation. [176] It is predicted that the particles are “docking” to one another
at their planar interfaces to eliminate facets with higher surface energies. [207] However,
it should be noted that the mechanism of oriented attachment is presently not fully
understood. It is proposed that dipoles present in the nanocrystals cause the oriented
attachement. [113,204,208,209] Nevertheless it has been shown by further studies that the
nanostructures reconstruct their surface to lower their surface energy and this leads to
significantly reduced dipole moments. [210] Additionally most of the lead chalcogenide
nanocrystals are Pb-rich with Pb atoms terminating the surfaces, which has also been
shown for the QDs used as building blocks for porous structures in this work. If all
facets are covered or dominated by lead atoms the result will be a large reduction in the
dipoles in the isotropic structures. Another possibility by which lead chalcogenide struc-
tures of various shapes can be produced is by ion exchange where nanocrystal structures
are first formed as a template and these structures are chemically transformed into the
desired materials. [211] The main focus within research on lead chalcogenide nanowires
up to now has been on PbSe structures. Within this chapter a synthesis is presented
that enables the synthesis of PbS nanowires with different diameters and that is easily
up-scalable. The resulting nanowires are used as building blocks for film formation on
glass substrates using an easy method that requires no special equipment. With regard
to a possible application as a thermoelectric material, surface modification of the films
is presented which improves the charge transfer in the films. At the end of the chapter
first investigations on the Seebeck coefficients of the resulting films are presented.
4.1. Oriented attachement of PbS nanostructures for the
formation of 1D nanowires
The synthesis of the PbS nanowires is based on a PbSe nanowire synthesis published
by Cho et al. [204] Lead oleate is prepared and a mixture containing sulfur, dissolved in
TOP, is used as a slowly reacting sulfur precursor. In contrast to the short reaction time
used for the synthesis of PbS QDs or for PbSe nanowires, a reaction time of two hours
is used for the synthesis of the PbS nanowires in this case. Also the temperature em-
ployed for the injection and during the nanowire growth differs significantly. Whereas
temperatures in the range of 130-160 ◦C are typical for the synthesis of PbS QDs, for
the wire formation higher temperatures in the range of 220-250 ◦C are used. This syn-
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Figure 4.1.: EM images of different synthesis times showing the progressive formation
of PbS nanowires next to the reduction of the gel-like material.
thesis cannot be explained in the same manner as a hot injection method. While there
is an injection of a precursor solution into a hot solution of another precursor there is
no fast formation of nuclei directly after injection. The color change that occurs after
the injection is relatively slow and happens over a time range of 12 minutes or longer,
depending on the temperature.
As it can be seen in Figure 4.1 the amount of wires that are formed is significantly
increased as the synthesis progresses. Also the length and the thickness of the wires
formed is increasing. So the average thickness of the wires formed after 10 minutes is
about 20 nm and after 90 minutes about 90 nm. As can be seen in the TEM image after
10 minutes a few thin wires can be observed within the sponge like material (Figure 4.1
inset in 10 minutes). Also small particles of 3-4 nm can be observed which will act as
the first small building blocks. The SEM image series in Figure 4.1 gives the impression
that the wires are built from the sponge or gel like aggregates. Most wires can be found
in or at the edges of these aggregates. Over time it seems that these aggregates are
simultaneously reduced during the period that the wires are formed. Presumably the
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Figure 4.2.: EM images of several PbS nanowires showing the attachment of the star
shaped and octahedral shaped building blocks to the nanowire surface.
chains of aggregates are forming the wires during the annealing by diffusion of the
atoms at the surface. Obviously the wires are becoming thicker by the accumulation of
smaller crystals at their surface as it can be seen from the EM images in Figure 4.2. This
star shaped or octahedrally shaped crystals are formed with advancing synthesis time. In
the beginning only a few crystals can be observed but with longer annealing times their
amount increases up to a certain level. The nanostructures attach to the surface of the
wire and are presumably incorporated into the structures. This impression is consistent
with a proposed oriented attachment mechanism. [204]
For the proposed oriented attachment the dipole moment of PbSe QDs is mentioned
as the most probable candidate providing the driving force that directs the quantum dots
into 1D structures. [204,208,209] The resulting structures are crystalline. In Figure 4.3 the
XRD results of the nanowires are presented and the reflexes are indicated. The crystal
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Figure 4.3.: (A) XRD spectra of the PbS nanowires achieved demonstrate a good match
to that of the diffraction pattern of galena. The reflexes are indexed for ease
of assignment. (B) TGA of the as synthesized PbS nanowires showing only
a small mass loss of less than 5 % due to the decreased surface to volume
ratio of the 1D structures.
structure is consistent with the reference data for galena. From the powder diffraction
profiles no preferred orientation of the crystallites can be observed suggesting a random
orientation of the wires within the sample. Compared to the XRD results from the QDs
the reflexes are less broadened due to the increased size of the crystalline domains in
these larger structures. The TGA shows that only 4.5 % of the nanowire mass is from
the capping agents at the surface of the wire, in contrast to the nanoparticles where
the capping agents represent 25 % of the resulting mass the surface to volume ratio is
much smaller. This is due to the one dimensional structure on the one hand and to the
decreased surface to volume ratio on the other. EDX investigations of the nanowires pro-
vides a value for the lead to sulfur ratio of 64:36. This indicates that the nanowires are
lead rich as was earlier determined to be the case for the QDs and is likely to be due to
the threefold excess of lead used in the synthesis. This excess of lead is expected to lead
to a lead rich surface of the nanostructures and thereby minimize the dipole moments
as previously described. The excess of lead in the nanowires is significantly higher than
in the previously characterized QDs which can be explained by the higher surface area
of the wires compared to the surface area of a sphere. No transition maxima could be
observed in the absorption profiles in the measurement range of 500 to 3000 nm. The
exciton Bohr radii of PbS is 20 nm [27] and therefore a quantum size effect will appear
for nanostructures with a diameter less than 40 nm. The synthesized wires are in a range
of 60-110 nm in diameter and so no quantum confinement is expected. Furthermore the
resulting wires are less soluble and show a large degree of scattering.
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Figure 4.4.: The diameter of the achieved PbS nanowires can be adjusted by the growth
temperature.
All processes that are necessary to achieve a uniform nucleation are slowed down
during the up-scaling of a synthesis. This significantly affects the fast hot injection
method and leads to several problems in the up-scaling of these type of syntheses. The
presented solution based synthesis method can be easily scaled up due to the reduced
formation rate of the nanowires compared to the PbS QDs. This is a great advantage
compared to usual hot injection methods for the synthesis of QDs. Up-scaling to four
times the amount of the initial synthesis precursors could be carried out successfully
without any changes in the resulting wires and results in a four times increase in the
amount of nanowires produced when compared to the initial synthesis. Several param-
eters have been tested to achieve better control over the resulting wires. It has been
found that changes in the injection temperature do not affect the resulting wires. Differ-
ences in the temperature drop after the injection achieved by variation of the amount of
solvent in the injection solution also do not affect the resulting wires. By contrast the
annealing or growth temperatures do affect the size of the resulting wires as is shown
in Figure 4.4. The time taken for the color change to occur is also significant slower for
lower temperatures.
In contrast to the synthesis of PbS QDs, tetradecylphosphonic acid (TDPA) is used as
an additional surfactant. Next to hexadecylamine (HDA), TDPA has been reported as a
possible surfactant to effect controlled morphology of the resulting nanowires. [204] Cho
et al. described the formation of straight and undulated PbSe nanowires through the use
of TDPA. For zigzag or undulated PbSe nanowire formation they used HDA instead of
TDPA. By varying the TDPA content used in the wire synthesis the significant influence
of the TDPA can be seen. In Figure 4.5 it can be clearly seen that without the addition
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Figure 4.5.: SEM images showing different lead to TDPA ratios. The significant in-
fluence of the TDPA on the wire formation can be seen. With increasing
TDPA concentration the surface of the PbS nanowires become smooth.
of TDPA almost no nanowires could be synthesized. Huge chunks and some elongated
structures with edge lengths of between 200 and 500 nm have been achieved. The color
change of the solution occurs after 3 minutes which is much faster than for the standard
synthesis. The formation of cubically shaped crystals by heating PbSe nanostructures
has been observed by Fang et al. [210] Presumably the huge cubically shaped chunks
formed during the TDPA free synthesis are dominated by {100} facets that are energeti-
cally more favorable. With a Pb to TDPA ratio of 1:0.18 nanowires are achieved but they
show very irregular shapes and a broad size distribution between 80 and 170 nm. A ratio
of 1:0.36 leads to mainly undulated nanowires with an approximate thickness of 85 nm.
In addition to the wires a lot of smaller structures can also be observed. For a further
increased TDPA ratio of 1:0.72 a smaller amount of these structures are observed and
the resulting wires are straight with a diameter of 100 nm and are thicker than the wires
produced using less TDPA. Next to the increased thickness the high amount of TDPA
causes further difficulties in the cleaning up process of the wires after the synthesis and
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the TDPA could not be removed completely. The use of TDPA significantly influences
the kinetics of the nucleation step. If no TDPA is used the color change occurs after
3 minutes and with the highest amount (Pb:TDPA 1:0.72) the color change occurs only
after 16 minutes. The significantly delayed nucleation step allows a good intermixing of
the reactants and a thermal equilibration of the reaction mixture to be reached. This also
suggests that the injection temperature is not affecting the synthesis. Cho et al. [204] have
explained the effect of the TDPA by its ability to tightly bind to the surface of the wire.
This leads to a decreased growth rate of the (111) planes and allows more time for the
diffusion of atoms on the nanowire surface. If the passivation of the {111} facets is in-
complete, as for a lead to TDPA ratio of 1:0.18, growth occurs on the {111}, {110} and
{100} facets but with different growth rates resulting in wires with a rough surface. [212]
By this action the wires become smooth with an increased amount of TDPA.
Figure 4.6.: (A) HR-TEM image of a PbS nanowire. (B) Diffraction pattern of the
PbS nanowire that is presented in the inset. The scale bar of the inset is
200 nm long. (C) TEM image of a junction. The diffraction pattern of the
area highlighted by the white circle is presented in (D) and the diffraction
pattern of the area highlighted by the black circle is presented in (E).
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Variations of the lead to sulfur ratio leads to an increased yield for a ratio of 1:1.
However, the resulting wires seem to be shorter and an increased amount of smaller
structures could be observed next to the wires. This is the same for a ratio of 2:1 except
the yield is not increased and for both ratios only rough wire surfaces could be observed.
Not only for a decreased ratio is the quality of the resulting wire decreased but also the
quality of the products are worse for an increased ratio (5:1). So the optimum ratio for
the synthesis of PbSe wires [204] appears also to be the optimum ratio for the synthesis of
PbS wire. For further investigation of the growth mechanism further knowledge of the
wire structure, especially that of their crystallinity, is necessary. To this end HR-TEM
images and diffraction patterns have been measured (Figure 4.6). The highly crystalline
nature of the nanowires is demonstrated by the HR-TEM image in Figure 4.6 (A). The
selected area electron diffraction (SAED) pattern taken from the nanowire (Figure 4.6
(B), (D) and (E)) suggest that the nanowires are single crystalline and the long axes
of the nanowire is parallel to [100] even if they are branched as in Figure 4.6 (C). The
growth proceeds along the [100] direction regardless of whether the wires have a smooth
or rough surface.
Cho et al. predicted that the {111} facets of PbSe are eliminated during the crystal
growth because they have a higher energy than the {100} facets. [204] This assumption is
supported by Fang et al. who calculated a surface energy for uncapped {100} facets to
be 0.184 Jm-2 while the surface energy of the {111} facet is 0.328 Jm-2. [210] These val-
ues are calculated for uncapped surfaces of PbSe nanoparticles but the chemical nature
of the stabilizing agents significantly affects the surface energy. Hence, it is possible to
achieve octahedral nanocrystals that are dominated by {111} facets through the use of
HDA. [204] A faster growth of the {100} facets results in star shaped nanocrystals (Fig-
ure 4.2 (E)). For rock salt PbS nanocrystals the surface energy of the {111} facets is also
higher than for the {100} facets. [213] It can be predicted that the nanocrystals attach to
the wire surface and due to the annealing temperature the {100} facets are reconstructed.
It is known that anisotropic growth occurs near equilibrium if there is a sufficient dif-
ference in the surface energy of different crystallographic faces. [207] As can be seen
from the influence of the TDPA, it is expected that the TDPA significantly influences
the surface energy and the total surface energy is minimized by the orientation of the
particles with respect to each other. It is also expected that the smaller building blocks
are incorporated by diffusion across the surface of the wires as is known for classical
crystallization. The branches of the wires can occur due to the presence of uncovered
parts of the surface. [207]
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4.2. Films of PbS nanowires
For further characterizations the nanowires are assembled into films on glass substrates.
The films can be easily handled and only small amounts of material are required com-
pared to the pressing of QDs into 3D solids. The method used for the film preparation
is easy, reproducible, requires no special equipment and a large number of films can be
produced simultaneously. The films are formed by placing the nanowire solutions onto
the glass substrates and subsequent evaporation of the solvent. The nanowires do not
form stable colloidal solutions and settle out of solution and onto the glass substrates
before the evaporation of the solvent. That “dropping out” seems to be necessary to
achieve uniform films because the same procedure does not work for QD solutions. The
films achieved have a thickness of approximately 10 µm.
4.2.1. Ligand exchange and thermal treatment
As previously described for the QD solids surface modification is required to improve
the conductivity of the assembled nanostructures. Surface treatment has been performed
with the help of MPA and hexanedithiol (HDT). Details of the treatment procedure can
be found in the Experimental Section. MPA has already been introduced in earlier
chapters and by heat treatment promising results for an improvement of the conductiv-
ity could be achieved. In Figure 4.7 SEM images of PbS films untreated and surface
modified by MPA after a heat treatment are presented. For the destruction of the lig-
ands on the as-synthesized nanowires high temperatures are necessary. According to the
TGA results in Figure 4.3 (B) a temperature of 450 ◦C is chosen for a heat treatment that
lasts for 30 minutes. As can be seen in Figure 4.7 (A) sedimentation of smaller pieces
occurs during the heat treatment. These deposits have not been further investigated be-
cause this is obviously not a promising means by which to achieve conductive films of
PbS nanowires without significant alterations.
As previously mentioned MPA has already been used as a promising ligand as it is
easy to remove under reasonable temperature conditions and has resulted in promising
improved conductivities. For the thermal treatment of the MPA treated films a tem-
perature of 250 ◦C has been used and by using milder temperature treatments no obvi-
ous alterations were observed to occur. HDT has been used by Joseph et al. [151] as a
crosslinking ligand for the preparation of conductive films of gold nanoparticles. They
used different alkanedithiols and achieved the best results by the use of HDT with a
conductivity of 3.73·10-2Ω-1cm-1. HDT as ligand can achieve a direct contact between
two nanowires. Even though there are no conjugated bonds present in HDT the direct
contact by two functional groups in the ligand should improve the conductivity.
In Figure 4.8 the FTIR spectra of both untreated and HDT treated wires are pre-
sented showing the successful ligand exchange. The characteristic bands near 2900 cm-1
can be determined as -CH stretching modes and upon a closer inspection signals at
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Figure 4.7.: SEM image of a PbS nanowire film after heating under inert atmosphere to
450 ◦C (A) shows a sedimentation of the surface of the nanowire. (B) SEM
image of a MPA treated nanowire film after heating under inert atmosphere
to 250 ◦C shows no alteration or sedimentation of the nanowires.
2956 cm-1, 2918 cm-1, 2873 cm-1 and 2850 cm-1 can be identified for the untreated
nanowires. The signals at 2956 cm-1 and 2873 cm-1 are corresponding to methyl groups
which are present in the initial OlA capping agent. These methyl stretching modes dis-
appear completely after the ligand exchange as did the =CH band at 3006 cm-1. The
carboxylate mode that is observed at 1527 cm-1 in the untreated sample is also not ob-
served in the modified sample. The disappearance of the methyl modes and the carboxy-
late mode after the ligand exchange indicate the success of the surface modification.
4.2.2. Seebeck coefficient and resistivity measurements
The sheet resistance of the PbS nanowire films prepared has been investigated by a van
der Pauw setup. The film thickness is determined by the help of a surface profiler and
is used to calculate the resistivity of the samples (Table 4.1). The trends that have al-
ready been observed during measurements with surface modificated QDs are confirmed
by measurements on the nanowire films. The MPA treated and heated sample shows a
significantly decreased resistivity compared to the untreated sample as has earlier been
observed with the QD solids. Through the use of HDT as a crosslinking ligand the re-
sistivity can be decreased to approximately the same degree without any heat treatment.
In general all resistivities are decreased by three orders of magnitude compared to the
resistivities that have been measured for QD solids which is expected due to the fewer
amount of grain boundaries which the electrons have to pass through.
The Seebeck coefficients for MPA treated PbS nanowires have been measured as a
function of the temperature. The resulting values show positive Seebeck coefficients as
has been seen for the structures made of PbS QDs and therefore reflect that holes are the
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Figure 4.8.: FTIR spectra of PbS nanowires with oleic acid (before, black) and with
HDT (red) showing the success of the ligand exchange.
majority charge carrier in the nanowire films. Within the measured temperature range
a significant increase in the Seebeck coefficients with respect to increasing temperature
can be observed. This is expected, especially in the case of PbTe, due to the fact that it is
known to act as a high temperature thermoelectric material. The usual temperature range
for thermoelectric applications of bulk PbTe is between 300-500 ◦C. The size range
of the measured Seebeck coefficients is of the same magnitude as already measured
for different lead chalcogenide containing samples at room temperature and regardless
their dopant. [81,124,125] The Seebeck coefficients for semiconductors differ a lot due to
the different dopants or sample geometries and therefore further improvements of the
Seebeck coefficients, for example by doping the material, can be expected. It is also
Table 4.1.: The reduced sheet resistances and resistivities are presented in comparison
to an untreated PbS nanowire film.
Sheet resistance [kΩ/sq] Resistivity [Ωm]
untreated 44.9 319· 10-3
MPA, heated 3.9 48· 10-3
hexanedithiol 5.2 53· 10-3
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noteworthy that there is almost no change in the Seebeck coefficients due to the heat
treatment. Usually an improved electrical conductivity as has been achieved by the heat
treatment comes hand in hand with decreased Seebeck coefficients.
The power factor is a value that indicates the ability of a material to produce useful
electrical power from a temperature difference and is defined by
Power f actor = S2 ·σ = S2 · 1
ρ
(4.1)
This is useful because the Seebeck coefficient as well as the electrical conductivity
are most strongly dependent of the carrier concentration. The thermal conductivity,
which is additionally used to calculate the thermoelectric figure of merit ZT, is less de-
pendent on the carrier concentration and more effected by lattice contributions. [62] A
high power factor means that the materials are able to generate more energy, but they
are not necessarily efficient. The power factor becomes small when the Fermi level
moves too far into the forbidden gap of a semiconductor. The Seebeck coefficients of
a non-degenerate material varies linearly with the Fermi energy whereas the electrical
conductivity varies in an exponential fashion. Therefore, even though it is the square
of the Seebeck coefficient that enters into the expression for the power factor, the rapid
variation of the electrical conductivity is the dominating factor. [62] This could be ob-
served for the different power factors of variously treated PbS QD solids and results in
a power factor of 914.38 nW/K2m at room temperature for a PbS nanowire film treated
with MPA and subsequently heated. This value is significantly higher when compared
to the values calculated for PbS QD solids due to the improved electrical conductivity
but it is still three orders of magnitude smaller than the values that have been published
by Johnsen et al. for pristine PbS samples prepared via vapor transport or the Bridgman
method. [125]
4.3. Conclusion and outlook
One-dimensional PbS nanowires have been prepared by a procedure that is similar to
the hot injection method used for the synthesis of PbS QDs. By the use of a less reac-
tive sulfur precursor and an additional surfactant the formation of nuclei is significantly
retarded. Within an annealing time range of two hours nanowires can be formed. All
processes that are necessary for a uniform nucleation are slowed down during the up-
scaling of a synthesis. This significantly affects the fast hot injection method and leads
to several problems during the up-scaling of these fast syntheses. The slower formation
of nanowires is less affected and therefore the synthesis can be more easily scaled up.
Single crystalline nanowires with a diameter of 65-105 nm could be achieved with the
longest axes of the nanowires being parallel to [100]. The as-synthesized nanowires
have been used to prepare films on glass substrates with an average thickness of 10 µm.
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The film preparation methodology is easy, reproducible, and a large number of films
can be produced simultaneously without any special equipment. The prepared films
have been surface modified by ligand exchange and thermal treatment to improve the
electrical conductivity of the films. Therefore, as previously for the QD solids, the tested
approach of using MPA and a subsequent thermal treatment as well as the usage of an
interlinking ligand has been applied. Both approaches lead to an order of magnitude
decrease in the resistivities. Due to the smaller amount of grain boundaries present in
the films composed of nanowires compared to QD assemblies the conductivity is less af-
fected and these effects can be can be further diminished through surface modification.
The Seebeck coefficient measurements show that the thermal treatment only slightly af-
fects the Seebeck coefficients with the achieved power factor being significantly higher
for the nanowire films than for the QD solids. Nevertheless the achieved power fac-
tor is still three orders of magnitude smaller than those already published for PbS. [125]
However, a high power factor is not a guarantee for an effective thermoelectric material
and it will be necessary to also characterize the thermal conductivity of the nanowire
films to fully determine the ZT value. For optimization of the PbS nanowire films the
carrier concentration and mobility is also required. With this knowledge further op-
timization such as doping will need to be considered. Also the formation of mixed
segmented nanowires can be considered in accordance with the calculations by Lin and
Dresselhaus. [106] In addition to these optimization steps there is still space to achieve
further improvements in the conductivity by surface modification. It is also still worth
to investigate what the effect of quantum confinement will have on the thermoelectric
properties of 1D PbS nanowires. To achieve an increased Seebeck coefficient through
decreasing the size of the nanostructures, as published by Wang et al., [74] the synthesis
of PbS nanowires with a smaller diameter will be required.
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Summary
The assembly of nanostructures into “multi”-dimensional materials is one of the main
topics occurring in nanoscience today. It is now possible to produce high quality nanos-
tructures reproducibly but for their further application larger structures that are easier
to handle are required. Nevertheless during their assembly their nanometer size and ac-
companying properties must be maintained. This challenge was addressed in this work.
Lead chalcogenides have been chosen as an example system because they are expected
to offer great opportunities as thermoelectric materials. Three different ways to achieve
assemblies of lead chalcogenide nanostructures were used and the resulting structures
characterized with respect to their potential application as thermoelectric material.
The first means by which a “multi”-dimensional assembly of lead chalcogenide quan-
tum dots can be produced is the formation of porous structures such as aerogels and
xerogels. A procedure, where the addition of an initiator such as oxidizers or incident
radiation is unnecessary, is introduced and the formation process studied by absorp-
tion spectroscopy. The time-consuming aggregation step could be significantly reduced
by employing a slightly elevated temperature during gelation that does not lead to any
observable differences within the resulting gel structures. After either supercritical or
subcritical drying, highly porous monolithic gel structures can be achieved. During the
gel formation the size and the shape of the particles changed and they were directly
linked together. Nevertheless the resulting porous structures remain crystalline and size
dependent effects of the optical properties could be shown. Gels produced from a mix-
ture of PbS and PbSe QDs show a homogenous distribution of both materials but it is
not clear to what extent they form an alloy. Although the particles are directly linked
together the resulting porous structures possess a very high resistivity and so it was not
possible to characterize the semiconductor aerogels with regard to their thermoelectric
properties. To achieve an enhanced conductivity porous structures containing PbS and
Au nanoparticles have been produced. As has been seen for the pure semiconductor gels
the size of the PbS quantum dots has increased and elongated particles were formed. In
contrast to the PbS QDs the Au nanoparticles did not change their size and shape and are
unevenly distributed within the PbS network. Through the use of the gold nanoparticles
the conductivity could be increased and although the conductivity is still quite small,
it was possible to determine Seebeck coefficients near room temperature for a mixed
semiconductor-metal gel.
The second means by which QD solids could be formed was by the compaction of the
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QD building blocks into a material that is still nanostructured. Therefore the synthesis
of PbS was optimized to achieve sufficient amounts of PbS quantum dots. The ligands
used in the synthesis of the QDs unfortunately act as an insulating layer resulting in
QD solids with resistivities as high as 2 GΩ. For this reason different surface modifica-
tion strategies were introduced to minimize the interparticle distance and to increase the
coupling between the QDs so as to increase the conductivity of the resulting quantum
dot solids. One very promising method was the exchange of the initial ligands by shorter
ones that can be destroyed at lower temperatures. By such heat treatments the resistivity
could be decreased by up to six orders of magnitude. For the pressing of the quantum
dots two different compaction methods (SPS and hydraulic pressing) were compared.
While the grain growth within the SPS pressed samples is significantly higher the same
densification can be achieved by a cold hydraulic pressing as well as by SPS. The den-
sification could be further increased through the use of preheated PbS QDs due to the
destruction of the ligands. Samples which had been surface modified with MPA and
subsequently thermally treated show the best results with respect to their thermopower
and resistivities. Nevertheless the conductivity of the QD solids is still too high for them
to be used as efficient thermoelectric materials.
The final assembly method does not involve QDs but instead with one dimensional
nanowires. Therefore a synthesis was developed that enables the formation of PbS
nanowires of different diameters and one that is easy up-scalable. By the use of a less
reactive sulfur precursor and an additional surfactant the formation of nuclei is signif-
icantly retarded and within an annealing time of two hours nanowires can be formed
presumably by an oriented attachment mechanism. Single crystalline nanowires with a
diameter of 65-105 nm could be achieved with the longest axes of the nanowires being
parallel to [100]. The resulting nanowires were used as building blocks for film for-
mation on glass substrates by an easily implemented method that requires no special
equipment. To characterize the films with a view to their possible application as a ther-
moelectric material, surface modifications of the films were performed to improve the
charge transfer in the films and the Seebeck coefficients of the resulting films measured.
Therefore the previous approach of using MPA was applied and a subsequent thermal
treatment demonstrated very promising results. In addition an crosslinking ligand was
used for surface treatment that leads to similar results as was observed for the ther-
mally treated MPA approach. Both approaches lead to an order of magnitude decrease
in the resistivity and due to the fewer grain boundaries present in the films composed
of nanowires as compared to the QD assemblies the conductivity is significantly higher.
The Seebeck coefficient measurements show that the thermal treatment only slightly
affects the Seebeck coefficients. Therefore a significantly higher power factor could be
achieved for the nanowire films than for the QD solids.
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Experimental Section
A.1. Materials
Acetontirile (anhydrous, 99.8 %), ammonia (NH3, 28-30 %), bis[bis(trimethylsilyl)ami-
no]tin(II) (97 %), deuterium oxide (D2O, 99.9 % atom D), dimethylformamide (DMF,
99.8 %, anhydrous), gold(III) chloride trihydrate (≥ 99.9%), hydrazine hydrate (reagent
grade), lead acetate trihydrate (PbAc, 99.999 %), octadecene (ODE, techn.), oleic acid
(OlA, 90 %), oxalic acid (OA, 98 %), sulfur powder (S, 99.98 %), tetrachlorethylene
(TCE, anhydrous,≥ 99%), 1,2,3,4-tetrahydronaphthalene (tetralin,≥ 99%) and thioac-
etamide (TA, ≥ 99%) were purchased from Sigma-Aldrich. Bis(trimethylsilyl)sulfide
((TMSi)2S, purum), diphenylether (DPE, >98 %), hexadecylamine (>99 %) 1,6-hexane-
dithiol (HDT, ≥ 97%), 3-mercaptopropionic acid (MPA, 99 %) and trioctylphosphine
(TOP, 90 %) were purchased from Fluka. Butanol (BuOH, p.A.) was purchased from
AppliChem and selenium powder (Se, 99.8 %) from ChemPur. Acetone (p.A.), chlo-
roform (p.A.), ethanol (EtOH, p.A.), methanol (MeOH, p.A.), 1-phenyl-1H-tetrazol-5-
thiol (99 %) and toluene (p.A.) were purchased from Merck. Borane tert-butylamine
complex (TBAB, 97 %) was purchased from ABCR, oleylamine (OlAm, 80-90 %) from
Acros and N-tetradecylphosphonic acid (TDPA, 97 %) from Plasma Chem. Acetic acid
(AA,≥ 99%) and formic acid (FA, > 98 %, p.A.) were purchased from Roth. All chem-
icals were used as received with the exception of TOP which was doubly distilled.
A.2. Synthesis of Quantum Dots
A.2.1. Synthesis of PbS quantum dots for gel formation
The PbS nanocrystals were synthesized according to a modified approach as reported
by Nagel et al. [20] For a standard synthesis a mixture of PbAc (2 mmol), 1.5 ml OlA
(4.4 mmol), 2 ml ODE (6.25 mmol) and 8 ml of TOP (17.9 mmol) was heated under vac-
uum for 1 h at 80 ◦C to form lead oleate. The clear and colorless solution which formed
was then heated to the injection temperature (130 ◦C) and a mixture of 0.2 ml TA in
DMF (0.5 g/ml, 1.33 mmol) and 6 ml of TOP (13.4 mmol) was quickly injected. To vary
the nanoparticle size the injection temperature was altered and to obtain very small PbS
nanoparticles bis(trimethylsilyl)sulfide was used as the sulphur precursor. [110] Upon in-
jection of the sulphur source the color of the solution changed instantly to black. After
84
Experimental Section
a growth time of 10 minutes the solution was cooled down to room temperature. For the
clean-up procedure the particles were precipitated twice using BuOH and re-dissolved
in toluene. No further size selective precipitation steps were implemented.
A.2.2. Synthesis of PbS quantum dots for QD solids
For a standard synthesis a mixture of PbAc (2 mmol), 1.5 ml OlA (4.4 mmol), 2 ml
ODE (6.25 mmol) and 8 ml of TOP (17.9 mmol) was heated under vacuum for 1 h at
80 ◦C to form lead oleate. The clear and colorless solution which was formed was
then heated to the injection temperature (140 ◦C) and a mixture of 0.1 ml TA in DMF
(0.5 g/ml, 0.67 mmol), 0.1 ml bis(trimethylsilyl)sulfide (0.53 mmol) and 6 ml of TOP
(13.4 mmol) was quickly injected. Upon injection the color of the solution changed
instantly to black. After a growth time of 10 minutes the solution was cooled down
to room temperature. For the clean-up procedure the particles were precipitated twice
using BuOH and re-dissolved in 3 ml toluene. No further size selective precipitation
steps were implemented.
A.2.3. Synthesis of PbSe quantum dots for gel formation
The synthesis and clean-up procedure for the PbSe takes place under the same condi-
tions as described above for the PbS. The reaction mixture was adapted with several
variations from the work of Kovalenko et al. [111] In a typical reaction lead oleate was
prepared from a mixture of PbAc (2 mmol), 1.5 ml oleic acid (4.4 mmol), 10 ml oc-
tadecene (21.25 mmol) and 4 ml of TOP (8.95 mmol) in the same manner as described
for the PbS quantum dots. For the injection tin oleate was prepared by mixing 3 ml
oleic acid (8.8 mmol), 1 ml ODE (3.13 mmol) and 1 ml bis[bis(trimethylsilyl)amino]-
tin(II) (2.58 mmol) under inert atmosphere. The injection mixture contained 4 ml TOP
(4.48 mmol), 0.75 ml tin oleate and 2 ml selenium in TOP (1M, 2 mmol). For a standard
synthesis an injection temperature of 130 ◦C and a growth time of 2.5 minutes were
used. For very small PbSe quantum dots a different injection mixture, containing 2.5 ml
bis(trimethylsilyl)selenide in TOP (0.2 M, 0.5 mmol), 1.5 ml of selenium in TOP (1M,
1.5 mmol) and 2 ml of TOP (4.48 mmol), was used.
A.2.4. Synthesis of Au nanoparticles for gel formation
Au nanoparticles were synthesized as reported by Peng et al. [119] A precursor solution
of 11 ml tetralin, 11 ml OlAm and 100 mg gold(III) chloride trihydrate (0.254 mmol)
was prepared under inert atmosphere at room temperatureand the solution temperature
adjusted to 20 ◦C. A reduction solution of 1 ml tetralin, 1 ml OlAm and 43.5 mg TBAB
(0.5 mmol) was prepared in the glovebox. The reduction solution was injected into the
precursor solution while stirring vigorously. A color change to red is observed and
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the reaction was stopped after 1 h by the addition of 50 ml acetone. The precipitated
particles were centrifuged, washed with acetone, dried and redispersed in toluene.
A.3. Synthesis of PbS nanowires
The synthesis of PbS nanowires was adapted from a synthesis used for PbSe nanowires
as published by Cho et al. [204] For a standard synthesis under Schlenk-line conditions
lead oleate was prepared from 8 ml DPE, 2 ml oleic acid (6.4 mmol) and 0.76 g PbAc
(2 mmol). The mixture was degassed and heated under vacuum for 1 h at 80 ◦C, a solu-
tion of 0.2 g TDPA in 5 ml DPE added and the mixture evacuated again. Subsequently
the mixture was heated under nitrogen atmosphere to the injection temperature (250 ◦C).
A mixture of 10 ml DPE, 3.332 ml TOP (7.5 mmol) and 668 µl 1M TOP-S (668 µmol S)
was then injected. The color change occurs very slowly and the reaction mixture is held
for 2 h at the growth temperature (250 ◦C). After 2 h the reaction mixture was cooled
down quickly to room temperature using a water cooling bath. The cloudy reaction
solution was precipitated by the addition of hexane and centrifuged. The precipitated
wires were washed once with EtOH, dried under vacuum and redispersed in toluene.
For the up-scaling four times the quantity of all ingredients was used. For the injection
solution only 20 ml of DPE is used in order to create a manageable volume.
A.4. Ligand Removal
A.4.1. Hydrazine hydrate
500 µl of PbS QDs in toluene were diluted by adding 1500 µl toluene, to which 1500 µl
hydrazine hydrate was subsequently added and the two-phase solution stirred vigor-
ously over night. It was obvious that no particles had moved to the hydrazine phase.
Chloroform was then added and the solution centrifuged. To implement a complete pre-
cipitation some EtOH was also added. The resulting precipitate was washed once more
with EtOH and dried under vacuum. The resulting powder is no longer soluble in water
or toluene.
A.4.2. Ammonia and methanol
The ligand removal with MeOH and ammonia was carried out using an approach re-
ported by Scheele et al. [81] 5.598 ml ammonia solution (28-30 %) was mixed with 10 ml
MeOH. For the ligand removal 2 ml ammonia containing MeOH were added to a 500 µl
PbS QD solution and the mixture was shaken over night. Afterwards the mixture was
centrifuged and the resulting precipitate washed twice with the ammonia containing
MeOH. The resulting precipitate was dried under vacuum and is no longer soluble in
toluene.
86
Experimental Section
A.4.3. Heat treatment for ligand removal
For the destruction of ligands at the surface of the QDs and QD solids the TGA system
has been used (see thermogravimetric analysis in the characterizations). For the heat
treatment of the nanowire films a tube furnace (Gero, modell RO 50-250) has been
used. The samples were heated to the required temperature at a heating rate of 5 K/min
under argon flow.
A.5. Surface Modification
A.5.1. Mercaptopropionic acid
For the modification of the nanoparticle surface a MPA solution was prepared by adding
89 µl MPA to 5 ml of MeOH and adjusting the pH to >9 with 400 µl of NH3. 1000 µl
of the MPA solution were added to 100 µl of a 50 mg/ml QD solution in toluene. After
briefly shaking, the solution was centrifuged and the resulting sediment redispersed
in MeOH and again centrifuged. The sediment was shortly dried under vacuum and
redissolved in water. For the treatment of PbS nanowire films 2 ml of MPA solution
was used and the films were treated for 15 min. Afterwards the solution was carefully
removed and the film washed twice with acetone and dried under ambient conditions.
A.5.2. Tetrazole
The ligand exchange was carried out using a solution of 35.6 mg of 1-phenyl-1H-tetrazol-
5-thiol (0.2 mmol) in 10 ml toluene. 100 µl of PbS QD solution was mixed with 2 ml of
tetrazole solution and shaken for 30 minutes. Then the mixture was centrifuged and the
precipitate washed with toluene and dried under vacuum.
A.5.3. Short chained acids and diacids
The ligand exchange with short chain acids and diacid is carried out in accordance
with an approach reported by Zarghami et al. [159] For the ligand exchange, solutions of
100 mM acetic acid, formic acid or oxalic acid in acetonitrile were prepared. 100 µl of
PbS QD solution in toluene was mixed with 1 ml of acetic acid solution, shaken for 1 h
and centrifuged. The resulting precipitate was washed with acetonitrile and dried under
vacuum. The QDs are no longer soluble in toluene.
A.5.4. Hexanedithiol
The ligand exchange with 1,6-hexanedithiol was carried out in accordance with a pub-
lication by Joseph et al. [151] A solution of 10 µl HDT and 2 ml MeOH (0.65 mmol) was
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used to treat the nanowire films for 15 minutes. Afterwards the solution was carefully
removed and the film washed twice with acetone and dried under ambient conditions.
A.5.5. Surface modification of nanowire films
For the surface modification of nanowire films, glass substrates were placed into a
glass vial and the corresponding solution required for the surface modifications care-
fully added. After 20 minutes the solutions were gently removed using a pipette. The
substrates were then washed twice by adding acetone and then dried under ambient con-
ditions. For thermal treatments the nanowires films have been placed into a tube furnace
under nitrogen atmosphere and heated to the required temperature.
A.6. Gel Formation
A.6.1. Gelation
The nanoparticles were surface modified with MPA (see ligand exchange with MPA)
and redissolved in 700 µl water for gelation. Gelation occurs without the addition of
any extra oxidizer at room temperature within 48 h and at 70 ◦C within 2 h. At room
temperature gelation occurs after more than 48 h.
A.6.2. Aerogel and xerogel formation
The resulting gels were exchanged with acetone 6-7 times within 3 days. To achieve
xerogels the tube was then covered with a perforated aluminum foil in order to ensure
slow evaporation of the acetone over a period of one week. For aerogels the samples
were transferred to a critical point dryer (Critical Point Dryer Mode 13200J-AB from
SPI SUPPLIES). The acetone was then substituted by liquid carbon dioxide by flushing
the chamber for 5 minutes until no more acetone can be seen in the drain. Further liquid
exchange took place over night, following a second flush procedure. The temperature in
the chamber was then increased to 37 ◦C reaching the critical point of carbon dioxide.
The autoclave was left at the critical point for 10 minutes, and the gas then slowly
drained off over a period of approximately 1 h after which the resulting aerogels could
be removed.
A.7. QD Compaction Methods
For the preparation of untreated QD solids the as-prepared PbS QDs have been washed
with MeOH five times to remove surplus oleic acid. Densification of the sample is
calculated by weighting the pressed sample and measuring the shape to calculate the
volume. This result is than compared to the density of bulk PbS (7.58 g/cm3).
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A.7.1. Spark Plasma Sintering
Spark Plasma sintering has been performed on a Sumitomo Dr. Sinter R© SPS System that
is located in an argon filled glovebox to avoid oxidation processes during the sintering.
Per compaction ∼100 mg QD powder was filled in a tungsten carbide dye and brought
into the glovebox. As optimal conditions a pressure of 7 kN was used and the sample
heated to 50 ◦C for a holding time of 5 minutes. At higher temperatures the QDs start to
melt and lower pressure leads to unstable and fragile bars. With this method 1.5x8 mm
bars or 5 mm disks have been prepared.
A.7.2. Hydraulic pressing
A laboratory hydraulic hand press type PW 20 (P/O/Weber) was used for pressing the
quantum dots into a solid under ambient conditions. For the preparation of 5 mm disks
90-120 mg QDs and a pressure of 7.5 kN were used.
A.8. Film preparation from PbS nanowires
For the preparation of films from PbS nanowires glass slides were cut into pieces of
10x10 mm or 5x5 mm. The substrates were cleaned in acetone for 10 minutes in an
ultrasonic bath, dried and placed into glass vials and the nanowires solution added. For
10x10 mm substrates 4 ml vials have been used and 500 µl solution has been added.
For 5x5 mm substrates 2 ml vials have been used and 200 µl has been added. The vials
were covered by a sheet of lint-free cloth to avoid contamination during the evaporation
procedure. The room temperature drying takes between 12 and 36 h. To achieve uniform
films without cracks or rings it is necessary to avoid motion and vibration of the vials.
A.9. Characterization
A.9.1. Powder X-ray Diffraction
Powder X-ray diffraction of quantum dots was performed on a STOE STADI-P (IP)
diffractometer using Cu-Kα radiation in transmittance mode within 1 h. For aerogel
samples a STOE STADI-P (PSD) diffractometer and a measurement time of 12 h was
used. Nanoparticle samples were prepared via the repeated washing of precipitated QDs
with an excess of MeOH and dried under vacuum to achieve dried powders. Samples
of the aerogels were prepared by drop casting a dispersion of the dried aerogel sample
in acetone onto amorphous tape and subsequent vacuum drying. All calculations were
done with the help of WinXPow software.
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A.9.2. Optical absorption measurements
NIR absorption spectra of the lead chalcogenide quantum dots were collected using
a Cary 5000 spectrophotometer (Varian). For spectroscopic investigations of the as-
synthesized particles, solutions of the nanocrystals in TCE were used. Subsequent to
the ligand exchange deuterium oxide was used as solvent. For the diffuse reflectance
spectra of the aerogels a Cary 5000 equipped with an integrating sphere (Labsphere
Varian) was used and the sample placed in the reflectance port of the sphere. To obtain
diffuse reflectance spectra of the dried aerogels individual pieces have been placed be-
tween two quartz glass slides. UV/Vis absorption spectra of the gold nanoparticles were
collected using a Cary 500 spectrophotometer (Varian) and the as-synthesized particles
were dispersed in toluene. The ligand exchanged particles were characterized using
water as solvent.
A.9.3. Transmission electron microscopy
Low resolution TEM images were carried out on a Libra R© 200 MC and a Libra R© 120
(Zeiss) operating at 200 kV. High resolution images were recorded on a Tecnei F20Cs
(FEI). Samples for TEM imaging were prepared by drop casting diluted nanocrystal
colloids in toluene or gel dispersions in acetone (shortly ultrasonicated) onto copper
grids coated with a thin carbon film and subsequent evaporation of the solvent. Energy-
filtered TEM (EFTEM) analysis was carried out using a Libra R© 120 (Zeiss) equipped
with a Gatan imaging filter.
A.9.4. Scanning electron microscopy
SEM images and energy dispersive X-ray spectroscopy (EDX) were recorded on a DSM
982 Gemini spectrometer (Zeiss) equipped with a thermal field emission cathode after
small pieces of the samples had been deposited onto a carbon adhesive pad.
A.9.5. Thermogravimetric analysis
Thermogravimetric analysis was performed using a TGA/DSC1 STARe (Mettler Toledo).
Gel samples were heated from 25 ◦C to 600 ◦C under nitrogen flow at a rate of 3 K/min
or to 1000 ◦C using a 5 K/min ramp rate. The same system was also used for ther-
mal analysis of pieces of the QD solids and surface modified QDs, nanowires and pure
ligands. For the thermal treatment of complete QD solids the simultaneous thermal an-
alyzer STA 409 PC/PG Luxx R© (Netzsch) was used. The pressed samples are heated to
different temperatures depending on the surface modification. For the thermal treatment
of the QD solids a heating rate of less as 3 K/min is crucial to avoid cracking of the sam-
ple. Unless otherwise indicated, all thermal treatments were carried out under nitrogen
flow.
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A.9.6. Fourier transform infrared spectroscopy
IR spectra were acquired on a Thermo Scientific Nicolet 8700 FTIR spectrometer equip-
ped with a Smart iTR diamond plate attenuated total reflectance (ATR) accessory. The
samples were prepared by drop casting the nanocrystal solution directly onto the ATR
plate and allowing the solvent to evaporate. The aerogel samples were first mortared
before being placed directly onto the plate.
A.9.7. Inductively coupled plasma optical emission spectrometry
Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed
using an Optima 7000DV optical emission spectrometer (Perkin-Elmer) equipped with
an inductively coupled plasma vaporizer. The instrumental error is below 1 %. All re-
sults were obtained from triple measurements with relative standard deviations below
2 % each for Pb and Au. For sample preparation 20 µl aliquot is dried within a 10 ml
volumetric flask and subsequently resolved using 200 µl of freshly prepared aqua regia.
Finally the flask is filled with milli-Q water. A blank sample was prepared follow-
ing the same procedure without using QDs. For the preparation of the aerogels small
amounts of between 1-2 mg were placed in a 10 ml volumetric flask and digested by
adding 200 µl freshly prepared aqua regia. Finally the flask was filled with milli-Q wa-
ter. A blank sample was prepared following the same procedure without using aerogels.
A.9.8. Surface area analysis and porosimetry
Nitrogen physisorption isotherms were measured at -196 ◦C using a Quantachrome Au-
tosorb apparatus. Prior to the measurement, the samples were degassed at 100 ◦C for at
least 24 hours. The specific surface area was determined using the BET equation. Only
those points have been used for multi point determinations that fulfill the condition that
the plot of n(1-p/p0) vs. p/p0 has a positive slope. In most of the cases this is fulfilled
for 0.05<p/p0<0.2. The total pore volume cannot be calculated since the pore filling
in the macroporous network of the material is not completed under these instrumental
conditions. Alternatively the pore volume was specified for pores of a maximum size.
Pore size distribution was calculated using BJH theory based on the desorption branch
of the isotherm.
A.9.9. Determination of the film thickness
For the determination of the film thickness the surface was scratched after all other char-
acterizations have been completed. The film thickness was determined using a Dektak
150 surface profiler (Veeco). The thickness was calculated as an average of at least
three thickness measurements at different positions. If larger differences occurred in the
values, the number of measurements was increased.
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A.9.10. Seebeck coefficient measurements of PbS/Au Aerogels
For the measurements of the Seebeck coefficient of aerogels a home made piece of
equipment such as that is shown in Figure A.1 in the group of Dr. Min Gao at the
Cardiff School of Engineering has been used.
Figure A.1.: Representation of the measurement setup for the determination of the See-
beck coefficient. The scheme was created in collaboration with Anne-
Kristin Herrmann.
The aerogels are carefully contacted by two conductive tips that can be moved in
three directions by micrometer screws. The tips consist of a constantan wire within a
copper wire to form a thermocouple and tip A can be heated to achieve a temperature
difference between the two contacts. The Seebeck coefficient of the aerogels can be
calculated using the formula:
αS =
VDA ·40.6µVK
VAE −VDF +1.84
µV
K
(A.1)
αCu−Constantan = 40.6
µV
K
(A.2)
αCu = 1.84
µV
K
(A.3)
A.9.11. Van der Pauw measurements
The resistivity measurements of nanowire films have been performed using a van der
Pauw setup. This method was developed in 1958 [171,172] for measurements of resistivity
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Figure A.2.: Schematic representation of the measurement setup for the van der Pauw
and the contact points at the sample.
and Hall coefficient of thin films of arbitrary shape. The films were contacted at four
points at the edge of the surface. Therefore small drops of silver paint were dried at the
corners of the sample to avoid scratches and achieve stable contacts of ohmic behavior.
For the measurements a current is applied on one side of the sample and the potential
difference is measured on the opposite side. For example RAB,CD is calculated from
the potential difference between contact C and D and the corresponding current applied
between A and B. To avoid errors caused by offset voltages all eight possible directions
were used for the measurement and an average value is calculated as can be seen from
the following equations:
RH =
RAB,CD+RBA,CD+RCD,AB+RDC,AB
4
(A.4)
RV =
RAD,BC+RDA,BC+RBC,AD+RCB,AD
4
(A.5)
For the calculation of the specific resistance of the sample the thickness of the film has
to be known. For further accuracy a correction factor is used that considers differences
caused by the sample geometry.
ρ =
pid
ln2
(RH+RV )
2
f
(
RH
RV
)
(A.6)
The correction factor f is a function of the ratio RH/RV and satisfies the relation
RH−RV
RH+RV
= f cosh−1
{
exp ln2f
2
}
(A.7)
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For the calculation the correction factors are determined by the use of the plot shown
in Figure A.3. The accuracy of the setup was further examined by the characterization
of the sheet resistance of an indium tin oxide (ITO) sheet with a known sheet resistance.
Figure A.3.: The correction factor f used for determining the specific resistivity of the
sample, plotted as a function of RH/RV.
A.9.12. Impedance spectroscopy
Impedance spectroscopy has been performed with a dual phase lock-in amplifier (signal
recovery 7265). The software Acquire 4.0 has been used for data recording and eval-
uation. Measurements were carried out in the frequency range 100 kHz to 10 Hz with
a time constant of 500 ms and in the frequency range 20 Hz to 100 mHz with a time
constant of 10 s. Both measurements were subsequently coupled together with a well
matching overlap. For low conductive samples a voltage of 100 mV has been applied
and for samples of higher conductivity 1 mV has been applied and the current mea-
sured. For contacting the pressed samples the method as shown in Figure A.4 is used.
Copper contacts are pressed on both edges to the sample without any glue so as not to
destroy or affect the sample by the contacting method. The resistivity is measured over
a range of 5 mm for spherical disks. If 8 mm bars are used the resistivity is corrected by
comparison with the disk shaped samples.
A.9.13. Seebeck coefficient and resistivity measurements of PbS QD
solids
For the measurement of the Seebeck coefficient and resistivity of the PbS QD solids
the same method was used as has already been described for the Seebeck coefficient
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Figure A.4.: Photograph showing the setup used to contact the QD solids for impedance
measurements.
measurements of the gels. The same set up is used with two additional contacts for
the resistivity measurements. The resistivity measurements were performed as for van
der Pauw measurements (method for thin films) and a resistivity is calculated by using
RH, RV and the thickness of the sample. The samples were rotated in between different
measurements and the average Seebeck coefficients are calculated to minimize shape
effects.
A.9.14. Thermal diffusivity measurements of PbS QD solids
Thermal diffusivity was measured by a laser flash apparatus (Netzsch LFA 457) and
disk shaped QD solids were used. The samples were coated with a thin layer of graphite
to minimize errors on the emissivity of the material.
A.9.15. Thermoelectric characterization of PbS QD solids
For complete thermoelectric measurements four short copper bars were glued to the
sample in a similar geometry as shown in Figure A.5 using conductive glue (Polytech,
EpoTek H20E). The copper bars were contacted to a physical property measurement
system (Quantum Design) and the TE properties were measured between 300 K and
100 K with a cooling rate of 0.3 K/min by a relaxation-time method and a low-frequency
square wave using two thermometers under a reduced helium atmosphere.
95
Experimental Section
Figure A.5.: Schematic representation of the contact arrangement on a sample for ther-
moelectric characterization by a physical property measurement system.
A.9.16. Seebeck coefficient measurements of PbS nanowire films
Seebeck coefficients measurements have been performed with the aid of the group of
Dr. Min Gao at the Cardiff School of Engineering using the setup as presented in Fig-
ure A.6. Small drops of silver paints were dried at the corners of the nanowire films to
avoid scratches and achieve stable contacts. The samples have been contacted at two
adjacent corners by two conductive tips for measuring the Seebeck voltage in between.
One of the tips is heated to achieve a temperature difference between the two contacts.
The sample stage can also be heated in a range of 25 to 95 ◦C. The temperature differ-
ence is measured by a temperature mapping microscope (Infrascope III, Quantum Focus
Instruments Corporation). The average temperature is calculated by
Tav =
(TH+TC)
2
(A.8)
and the Seebeck coefficient by
αS =
VS
∆T
(A.9)
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Figure A.6.: (A) Photographic images showing the whole measurement setup. (B)
shows the placement of the sample under the infrascope and (C) shows
top view of the contacted sample on the stage. The complete measurement
system is presented in a scheme in (D) and a screenshot of the thermal
mapping is presented in (E). The scheme (D) was created in collaboration
with Anne-Kristin Herrmann.
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